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l ABSTRACT

\

Infrastructure ownership involves much moie than the initial
cost of acquisition, and one who recognizes this must have an
interest in controlling the ownership costs to be incurred over the
service life of a particular infrastructure system. This study
first introduces infrastructure economics and the various
categories of ownership costs in order to lay a foundation for the
application of lingcycle costing in infrastructure management.
Investigation and analysis of three in service infrastructure
systems discusses a few of the many decisions made during design
and construction and their impacts on the total cost of ownership.
The study concludes with a discussion on controlling the cost of
ownership and recommendations for further related work. .-
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CHAPTER I. DESBCRIPTION OF THE PROBLEM

1.1 INTRODUCTION AND BACKGROUND
" Society is faced today with the issue of limited eccnomic and
natural resources which makes it increasingly more important for
design and construction professionals to implement and follow a
i methodology that allows for the selection of infrastructure systems
sensitive to those 1limited resources. The methodology must

facilitate improved operational performance and result in a lower

-

cost of ownership. With this in mind, infrastructure systems must

be planned, designed, constructed, and operated with an emphasis on

the economic consequences of each and every decision.

H All those involved in any phase of infrastructure management
should feel compelled and professionally obligated to strive for
and obtain efficient methods to reduce all costs expected to be

i incurred over the life of a particular system. Engineers and
architects need to consider all feasisle design alternatives with
their varying economies of ownership and the tradeoffs associated

) therewith. Owners in conjunction with suppliers and builders need
to consider the quality and efficiencies of selected materials,
equipment, and construction methods. And finally, owners,
operators, and custodians must establish cost effective policies

for maintenance, repair, and replacement of those selected systems.

Consider the Nation's public assets and imagine the magnitude

of the potential for increased ownership costs for these




infrastructure systems if a less han sufficient design is chosen
which could result in significant increases to the ccits of

operation, maintenance, and repair.

"Department of Defense buildings alone are estimated

to be worth $500 Billion. Replacement of the Nation's
88,021 public school buildings may exceed $422 Billion.

It would cost more than $300 Billion to replace the
physical structure of America'‘s institutions of higher
learning (public and private). State and local government
building replacement value is estimated to be $400 Billion.
Additionally, water supply, waste disposal, transportation,
and other physical infrastructure systems, an investment
worth many biliions of dollars, are beyond the scope of this
report but play a similar criticel national role"

(Building Research Board 1990)

These infrastructure systems are public assets that have been
acquired and operated through use of taxpayer dollars. Those
responsible for infrastructure related decisions are stewards of
taxpayer dollars and ultimately responsible for the efficient and
economical use of those systems. Therefore, in this era of
constantly increasing prices and diminishing natural resources, in
combination with increased public scrutiny of infrastructure
related budgets, it becomes ever more crucial to insure every

dollar invested purchases the best infrastructure system to achieve

the required results.



\ 1.2 PROBLEM AND SCOPE
The problem with which all those associated with any phase of
infrastructure management are faced, is first to become educated in
the economics of infrastructure, and second to insure decisions are
made such that during the life of infrastructure systems the

required results are achieved at the lowest cost of ownership.

"It is unfortunate but inevitable that the construction

' of new facilities attracts far greater attention than the
maintenance and repair of existing ones. While facilities
are designed to provide service over long periods of tinme,
the substantial costs of construction are addressed all at
once in public debate resulting in management decisions
based almost entirely on acquisition costs. 1In contrast,
the yearly cost of maintenance and repair seem small,
although over the course of a facility's life they generally
total much more than the initial cost of construction".
(Building Research Board 1990)

Many times public and private organizations are restricted by

maximum limits for construction expenditures. If costs can't be

! kept within budget, the project may be canceled. More times than
not, construction costs are reduced and the project is squeezed

| into the budget for execution only to become a future burden from
the system generating higher maintenance and repair costs with less
! than adequate operational results. The construction costs are
usually kept within budget by selecting materials and equipment
with lower initial costs and a ccrresponding shorter service life.

Ideally, construction should be planned and funded at the level

that meets all the user's requirements for the lowest cost of
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ownership over the predetermined 1life of the selacted
infrastructure systemn. Often however, officials making the
infrastructure decisions, or their constituents, are not fully
aware of the consequences of "building cheaply" which results in
the requirement to "expensively maintain" and thereby increases the
cost of ownership.

People, especially the leadership sector, do not fully
understand the facts. Those making the decisions in combination
with others that shape public opinion such as the media and other
community leaders are not yet fully aware of the implications of
the failure to spend the required money to construct and maintain
infrastructure systems that achieve the required results at the
lowest cost of ownership. Even some members of the United States
Congress do not fully understand the total cost of infrastructure
ownership since they regard life-cycle costing as a method by which

management costs are increased.

"The conferees understand that the U.S. Army

Corps of Engineers may implement a life-cycle
management program for the military construction
execution process...some concern exists that

this may increase management costs...the conferees
expect that implementation will be to the field

level for only selected projects" (Conference of

the Senate and House Appropriations Committees on
the Military Construction Budget 1990)




1.3 RESEARCH OBJECTIVES

The primary objective of this research is to provide a tool
through which the economics of construction can be I:<ter
understood as it relates to the costs of ownership incurred over
the life of a particular infrastructure system.

Using a basic understanding of infrastructure economics and
data collected for specific infrastructure systems, historical
construction, maintenance, and repair records will be analyzed and
interpreted to identify specific items with regard to type and
quality of materials and the effects on the cost of ownership.
This research will attempt to show for a particular infrastructure
system, that maintenance and repair ccsts are related to and
affected by decisions made during design and construction with
respect to the type and quality of materials. Through discussion
of historical construction and maintenance items for specific
infrastructure systems, an important aspect of infrastructure

economics will be established.




1.4 S8STUDY METHODOLOGY

In order to successfully achieve the objective of this study,
a foundation of basic understanding must first be developed. Under
the assumption not all those associated with infrastructure
management have been introduced to the basic principles required to
appreciate the total cost of infrastructure ownership, the report
format and study methodology first touches on a few essential
areas. These Kkey areas will assist in development of an
understanding for increased awareness in infrastructure life-cycle
costs as they relate to decisions made during design and
acquisition on the total cost of ownership.

The previous sections of Chapter I described the problem and
provided the objective for this study. Chapter II will discuss
infrastructure economics and the various categories of costs for
ownership of infrastructure systems. Chapter III introduces life-
cycle costing as the methodology by which the best infrastructure
system may be selected to achieve the required results at the least
cost of ownership, and a present value cost model for life-cycle
costing will be introduced. Chapter IV will discuss various
methods of forecasting future maintenance and repair outlays for
us2 1in life-cycle costing, and also address the issue of risk
management in the area of decision making. Chapter V presents the
analysis and discussion of the data collected through contact with

public and private agencies. Additionally, an assessment will be

made as to what extent decisions made during design and acquisition




had a positive or negative impact on the total cost of ownership.

Chapter VI will provide the obstacles to and recommendations for

controlling the cost of infrastructure ownership, and Chapter VII

' 3 concludes the study with a discussion on fulfillment of the
’ objective and recommendations for further related work. Figure 1.1
shows a schematic of the study methodeclogy.
i
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CHAPTER II INFRASTRUCTURE ECONOMICS

2.1 INTRODUCTION

Investment decisions in infrastructure systems result in
significant expenditures and represent a major commitment of
present and future resources. Therefore, it is essential that
infrastructure decisions be rationally evaluated with regard to
economic feasibility since it is largely the effectiveness of
resource expenditures that 1lend or deny credibility to an
organization's infrastructure investment program.

Correct application of economics, as a decision making tool in
the area of infrastructure management, is paramount to selecting
the best system to meet the established requirements at the lowest
total cost. Unfortunately, many of those responsible for
infrastructure related decisions are not well trained or educated
in the use of infrastructure economics (National Council on Public
Works Improvement 1988). Additionally, there are few training
media available to assist in the application of economic life-cycle
analysis to infrastructure related decisions (Ruegg and Marshall
1990). This lack <f information results in substantial lost
opportunity for improving the economic performance of selected
infrastructure systems.

This chapter on infrastructure economics will discuss the

required parameters used in economic analysis. These parameters




are essential for the purpose of selection ot the optimal

infrastructure system which minimizes the total cost of ownership

while maintaining the required level of operational performance.

Table 2.1 lists the steps involved with proper economic analysis.

STED

STEP

STEP

STEP

STEP

STEP

STEP

STEP

DEFINE THE OBJECTIVE AND ESTABLISH THE CRITERIA.

IDENTIFY ALL FEASIBLE ALTERNATIVES WHILE CONSIDERING
ALL APPLICABLE CONSTRAINTS.

DETERMINE THE LEVEL OF EFFORT WARRANTED.
SELECT A METHOD OF ECONOMIC EVALUATION
SELECT TECHNIQUE TO ACCOUNT FOR UNCERTAINTY OR RISK

COMPILE DATA AND FORECAST CASH FLOWS GENERATED FROM
OWNERSHIP COSTS.

COMPUTE EACH ALTERNATIVE'S ECONOMIC PERFORMANCE.
COMPARE THE ECONOMIC CONSEQUENCES OF EACH
ALTERNATIVE AND THE ASSOCIATED TRADEOFFS.

TABLE 2.1
Steps in the Economic Analysis Process

(Adopted from Ruegg and Marshall 1990)

10
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2.2 TIXE VALUE OF MONEY AND COST OF CAPITAL

In dealing with the economic impacts of competing
alternatives, o.le must evaluate present and future costs in a
manner that consistently relate the two as the basis for ilte
economic cdecision. Today's dollar is not equal in wvalue to a
dollar at some time in the future since today's dollar can be
invested immediately to start earning interest. Therefore, the
amount of a present dollar is a function of the discount rate and
the length of time invested. 1Inflationary impacts also change the
value of money over time, but for infrastructure econonmics all
coste are usually considered to be in constant dollars, i.e., in
terms of general purchasing power of the dollar at the time of
decision (Dell'Isola and Kirk 1983).

The "cost of capital", synonymous with "discount rate" or
"opportunity cost", is the return on a cash investment foregone by
investing in an infrastructure system. Use of the cost of capital
as it pertains to the "time value of money" allows one to compute
time-equivalent values for comparison of present and future costs
on a consistent basis, i.e., the present value of a future repair
cost may be found by multiplying the repair cost by the selected

discount factor (Df):

Present Value ($PV) = Df x future repair cost

11




& The discount factor is calculated as the reciprocal of 1 plus the
selected discount rate (Dr) raised to the power cf the total number

of years to be discounted (t):
Discount factor (Df) = 1/(1+Dr)t

'fime-equivalence formulas and precalculated discount factors are
i available from many sources (Brealey and Myers 1988).
The present value of all ownership costs can vary dramatically
depending on the discount rate and adversely affect the analysis if
t not properly calculated. The proper discount rate should reflect
the rate of return available on the next best investment
opportunity of similar risk to the project in question; that is
§ risk of uncertainties surrounding the owner, competition, or cf the
financial markets. Many firms establish periodic discount rates.
For =2xample, The Office of Management and Budget (OMB) in
i establishing The discount rate policy for all agencies of the
Federal Covernment, except the Postal Service, prescribe a rate of
10% which represents an estimate of the average rate of return on
i private investments before taxes (Dell'Isola and Kirk 1983).
A method for calculating an appropriate discount rate for use
in infrastructure economics is called the "Capital Asset Pricing
3 Model". The model states that in a competitive market, the

expected risk premium varies directly with the sensitivity of an

' investments return to market movements (Brealey and Myers 1988).
¥ An example calculation using the model may be seen in Appendix A.
12
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The ability to compare present and future amounts on a time
equivalent basis allows one to compare values of competing
alternatives on a consistent basis. The discounting process using
the correct discount rate (cost of capital) is critical to proper
economic analysis since costs of ownership for infrastructure
systems extend far into the future. Computation and equivalent
comparison of all associated costs for each alternative are

essential for proper evaluation of infrastructure systems.

13




2.3 INFRASTRUCTURE LIFE~-CYCLE DURATION

Another parameter to be determined when using economic
analysis as a method to select the best infrastructure system is
the duration of the life-cycle which will serve as the evaluation
period for the analysis. The evaluation period is defined as the
length of time over which 3ll costs will be considered in making
the decision. The 1life-cycle evaluation period shculd be
established by the owner, not the design team, and be based on the
goals and needs of a specific infrastructure system. Additionally,
for private agencies, the depreciation period allowed by the
Internal Revenue Service for tax reduction purposes plays an
important role in selecting the service life or evaluation period.
It should be noted that infrastructure systems constructed by
developers for immediate resale may not consider life-cycle costing
even though resale could be enhanced by explaining to potential
buyers the favorable economic impacts of 1life-cycle costing
considered during the planning and design phases cof the
infrastructure system. Similarly, owners interested in short term
ownership, as opposed to long term institutionalized ownership, may
ke ccncerned only with short term revenues instead of minimizing
long term ownership expenses. For purposes of this study, only
long term ownership of non-revenue generating institutionalized
infrastructure systems will be considered.

Selection of durations to be used in the analysis of competing

infrastructure systems are normally selected to be the same for all

14
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alternatives and are either the expected life of the system or the
investor's holding period. However, there are cases where the
duration selected must be the 1least common multiple of the
alternative system lives in order for proper cost comparisons to
take place, or the alternatives may be evaluated using equivalent
annual costs (Ruegg and Marshall 1990).

If the duration selected 1is the infrastructure system's
expected life, the most significant costs can be evaluated for
economic purposes using a duration of 25-40 years (Dell'Isola and
Kirk 1981). This is shown in Figure 2.1 using an annual cost for
100 years discounted at 10% to the present value. The area under
the curve is the cumulative present worth of the costs, which at 25

years is 80% of the total cumulative cost.

i5
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2.4 OWNERSHIP COSTS
All costs to be incurred over the life of an infrastructure

system are considered ownership costs.

"Construction costs are only a small portion

of the total cost of ownership, and the building
owner who recoghizes that one will bear not

only the initial acquisition costs but also the
future costs of the systems operation, maintenance,
and use should have an interest in controlling
these costs". (Building Research Board 1991)

As shown in Figure 2.2, the categories for ownership costs include:

o Initial acquisition costs (Cristofano and Foster 1986): all
costs associated with the development of an owners project from
conception through construction to include planning, design,

engineering, construction and inspection.

o Functional use costs (Ruegg and Marshall 1990): choice of
designs may affect the system's functional use related to the
performance of the intended functions. Labor costs and the
productivity of workers within a building may be affected as well
as the quality of services. Evidence that even small negative
effects on occupant productivity can outweigh cost savings from
lower maintenance and operating costs asserts that "healthy

systems" contribute favorably to lowering the cost of ownership.

17
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o Maintenance cost: normal and systematic preventive maintenance
and operation, other than energy, to insure each systea component

contributes fully to the projected service life of the system.

o Energy and Utility costs: charges for all forms of energy and

other utilities consumed by the system.

o Repair and Replacement: costs associated with unscheduled or
emergency work in order to restore a system component to near

original condition.

© Custodial costs: cleaning and non-maintenance upkeep of the

system.

© Administrative costs (Riverso 1984): include property taxes,

insurance premiums and other related costs.

© Depreciation and Tax Shields (Dell'Isola and Kirk 1981): is a
basis for deduction against income for calculating income taxes.
Considered a "negative cost" for purposes of ownership since it is
actually a benefit (only applicable to the private sector since

public agencies are exempted from income taxes).

© Residual costs (Ruegg and Marshall 1990): is the cost or benefit
obtained from the system at the end of the life-cycle duration to

include either resale, disposal and scrap, or terminal value.

19




CHAPTER III LIFE-CYCLE COSTING

3.1 INTRODUCTION

The requirement for a methodology which allows for the
selection of the best infrastructure system with an emphasis on
recognizing societies limited economic and natural resources was
presented in the first part of this study. Chapter two introduced
the required parameters for use of infrastructure economics and
discussed the various categories of ownership costs. The focus of
the study up to this point was to lay a foundation for presentation
of a methodology for solution of the dilemma of diminishing
resources, and also to offer a method of assessing data on
construction and maintenance items for a particular infrastructure
system in order to discuss the impacts on the total cost of
ownership.

Life-cycle costing is a methodology by which competing
alternatives may be analyzed and evaluated to insure selection of
the best alternative which yields the lowest cost of ownership over
the predetermined life of the system while insuring all functional
and operational requirements are met. Life-cycle costing is an
economic evaluation process developed to assist in defining and

then deciding among alternative investments or operating

strategies.

20




3.2 HISTORICAL DEVELOPMENT

Written records on developments of life-cycle-costing are
vague and somewhat inconclusive, but it is believed that 1930 was
the first year for what became at that time the authoritative
reference for engineering economics, "Principles of Engineering
Economy" by Eugene L. Grant. Shortly thereafter, the Comptroller
Ceneral of the United States published a government reference on
life-cycle costing for use in the procurement of machinery. It
supported an analysis of bids based not only on acquisition costs
but also on operations and maintenance items (Dell'lIsola and Kirk
1981) .

The American Telephone and Telegraph (AT&T) published it's
first edition of "“Engineering Economy" in 1952 to introduce
engineering economics for the designers use. This document states

(Dell'Isola and Kirk 1981):

"It is the responsibility of the engineer to
determine the plan which will meet the physical
requirements in the most economical manner....

In the telephone business (and other industry)

the company has not only the desire, but the
obligation to provide service. Therefore, the
only engineering question is; How can good service
be provided at the overall lowest cost...."

It was not until the 1960's that the construction industry
began to formally recognize the application infrastructure
economics. The Building Research Institute was the first to

sponsor a conference on the subject, titled "Methods of Building

21




Cost Analysis". Also during the 1960's the Logistics Management
Institute released a study which concluded that had life-cycle
costing been included in bid analysis, many contracts would have
been awarded to other than the low bidder (Dell'Isola and Kirk
1981). This highly influential report resulted in a 1971
Department of Defense directive on the application of life-cycle
costing in the acquisition process.

Many other public and private agencies have implemented
procedures for the application of 1life-cycle costing having
recognized the total cost of ownership includes much more than the
initial cost of acquisition. While there are no generally
applicable or accepted procedures or principles for use in
controlling the cost of ownership, the guidelines prepared by the
Department of Energy (DOE), National Institute of Standards and
Technology (NIST), and the US Army's Construction Engineering and
Research Laboratory (CERL) have taken the 1lead in providing

information on life-cycle costing policies and procedures.

22
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3.3 CONCEPTUAL DEFINITION

Life-cycle costing is a fundamental concept in infrastructure
planning and management which operates under the premise that every
aspect, from concept through disposal, of an infrastructure system
has an associated cost. It can be defined as the total cost of
ownership over the predetermined life of a specific infrastructure
systen.

Life-cycle <costing is a decision making technique for
management, a tradeoff tool, and more importantly a philosophy that
is gaining importance in the construction industry. Consumers are
increasingly more concerned about maintenance and repair costs over
the period of ownership. Consequently, the emphasis of selecting
a system based solely on initial acquisition cost is becoming
increasingly less valid as a method to choose between competing
alternatives (Patton 1988). Life-cycle costing can be used to
establish priorities for competing alternatives under 1limited
financial resources, or used as a method to make comparisons
between various infrastructure systems.

Alternative infrastructure systems are characterized by the
different patterns of costs forecasted to be incurred over a
specific evaluation period, ownership costs such as those discussed
in Section 2.4. Life-cycle costing seeks to evaluate the different
patterns on comparable terms using the economic analysis parameters

3 s Nl 4 TT
discussed in Chapter II.
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"Alternatives are typically defined to illustrate

in a systematic way some tradeoff between first

costs (i.e., for construction or equipment) and

future recurring costs (i.e., for maintenance and

energy consumption). The analysis is often

undertaken with an expectation that an alternative

can be found that will generate the lowest

life~-cycle cost"(Building Research Board 1991).
As can be seen in Figure 3.1, the highest initial construction cost
usually results in lower maintenance and repair cost due to use of
higher quality materials with a corresponding longer service life,
and the lowest initial construction cost usually results in a
higher maintenance cost. Life-cycle costing attempts to find the
alternative with the lowest cumulative ownership costs over the
selected duration while meeting all the established requirements.

The versatility and flexibility of life-cycle costing allows

the user to analyze costs in terms of the environment today and the
constantly changing factors. It's usefulness and value are derived

from a growing awareness to select the best system tc meet the

established requirements at the least total cost.
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TRADEOFFS TO MINIMIZE LIFE-CYCLE COSTS
FIGURE 3.1
(SOURCE: BUILDING RESEARCH BOARD 1991)
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i 3.4 PROGRAM DEFINITION
Life-cycle costing is a program through which all costs can be
first identified and then quantified for all aspects of cwnership

i over the selected life of an infrastructure system. The steps
involved in life-cycle costing follow closely those discussed in
Section 2.1 for infrastructure economics.

i The first step is to provide the objective for the analysis
which will establish the requirements in order to select among the
competing alternatives - what is desired and required.

i The second step fixes the criteria for the analysis. The
criteria will set the duration over which the analysis will be
conducted (see Section 2.3). The other important economic

i parameter established at this point is the cost of capital or
discount rate which allows all future costs to be converted to a
present value. As discussed in Section 2.2, it is necessary to

¥ bring all future outlays for the competing alternatives to a common
reference point, normally the present value, to allow comparable
comparisons of total costs. For example, whereas one alternative

} may seem more cost effective than another because it has a lower
acquisition cost, it may likely be more costly to own over the life
of the system when considering future maintenance and repair costs.

¥ During the third step of the analysis, all costs for each
alternative must be forecasted and estimated. In order to
accurately establish certain ownership costs, various resources

& such as labor, materials, and energy must be estimated even though

26
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these costs are difficult to quantify and fluctuate dramatically
over time.

The fourth and final step in life-cycle costing involves using
the established criteria to discount all ownership costs to a
common reference point, most commonly to the present value of morey
today (time zero), using the net present value technique (NAVFAC
P442 1986). By bringing all competing alternative ownership costs
to a common period in time, comparisons can be made and the best
system determined that has the lowest total ownership costs.
Unfortunately, infrastructure systems are too often acquired con the
basis o0f initial acquisition costs for reasons of budgetary

restrictions, political pressures, or lack of understanding on

life-cycle costing; but times are changi-~g - they must.
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3.5 PRESENT VALUE COST MODEL

Many methods of economic analysis exist, but the most widely
accepted for life-cycle costing is the discounted present value
approach (Ruegg and Marshall 1990). Using this approach, all costs
are discounted to one lump sum at the beginning of the evaluation
period using discount facters and time-equivalence formulas as
discussed in Section 2.2. The object of a present value cost model
is to be able to identify and quantify in specific terms as many
cost activities as possible or necessary to best evaluate the given
alternatives within the established parameters. These models may
be simplified using any personal computer system to provide an even
more effective means; of evaluating the selected alternatives.
The fundamental equation underlying a total life-cycle cost model

can be expressed as shown below (Bromilow and Pawsey 1987):

~ if the present discounted total life-cycle cost over

period "T" measured from time of acquisition is "St", then

n T m T
Bt = Co+Z ¥ Cp(l+r; )" + T 5 C(1+4xr )" = d(1+ry) "
izl t=1 j=1 t=1

- where Co is the acquisition cost at time t=0, previously
defined in Section 2.4; C, is the annual cost at time t (0<=t<=T)
of support function i (1<=i<=N) which can be regarded as ceontinuous
over time, such as maintenance, custodial, and energy; Cie is the

cost of a discontinuous support function j (1<=j<=M) which occurs
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at various intervals of the life-cycle, such as unscheduled repairs
or replacements; r; and r;, are discount rates applicable to support
functions i and j, respectively, over time period 0 to t and are
both normally the cost of capital discussed in Section 2.2; d is
the residual value and r,; is the discount rate applicable to the
residual value from time 0 to T. Also if c; is in current dollars,
then r; will be the nominal discount rate, and if ¢; is in constant
values, i.e. deflated, then r; will be the real discount rate.

Similar considerations apply to the other factors.
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< CHAPTER IV LIFE~CYCLE COST ESTIMATING

N 4.1 DATA SOURCES
Finding the alternative which offers the lowest life-cycle

cost requires a good understanding of the technical factors

Somre

underlying the tradeoffs being considered, a certain amount of
ingenuity and judgement, and reasonable estimates of the various
ownership costs involved (Building Research Board 1991). The
l technical factors are derived from education and training and
involve the principles of economics and engineering, while

ingenuity and judgement are developed with time and rely more on

H one's experience and personality. The final requirement for

finding the minimum life-cycle cost, reasonable estimates of the

various ownership costs, can be more easily and accurately obtained

i through the use of database development and application.
Before life-cycle analysis can be used to determine the best
alternative, projected costs for future outlays must first be
H identified and quantified for each proposed alternative. The most
difficult aspect of finding the total 1life-cycle cost is
forecasting and then estimating the various costs of ownership; in
{ particular, the costs of maintenance and repair items. Appendix B

includes typical life-cycle costing estimating forms used to assist

in identifving the various categeries cf ownership costs.
£ Sources of data for use in life-cycle costing are identified
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in Appendix C. 1In the maintenance and repair categories of

ownership costs, significant recent advances have Leen made. Since
the maintenance and repair categories are the most difficult to
forecast due to lack of sufficient data and historical records, anu
the categories on which data collection for this study are focused,
the remainder of this section will concentrate on the two most
accepted methods by which maintenance and repair costs can be
developed for life-cycle costing analysis. The two methods for
developing such costs include the use of historical data and

engineered or scientific data.
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4.1.1 HISTORICAL DATA

The first database described as an industry first attempt was
developed in 1983 by Dell'Isola and Kirk. Adeguate historical dcta
was hot available at that time requiring the authors to gather
information from several industry sources in order to form the best
available collection of data (Dell'lIsola and Kirk 1983). As shown
in Appendix D, data was presented on annual maintenance costs,
replacement lives, and cost of replacement, all as a function of
initial acquisition costs. Another database was attempted by the
Army Corps of Engineers in 1985. Results of that research
concluded that collection o! .iata on repair and maintenance costs
for U.S. Army installations could not be accomplished since
historical records lacked the necessary amount of detail to develop
a complete and useable database for life-cycle costing. Many
public and private agencies have improved upon record keeping
techniques in order to develop databases for use in life-cycle cost
estimating. However, historical data for use in estimating may not
be applicable for some time until sufficient data is available for
collection and analysis.

In the opinion of many experts, historical cost data is
difficult to collect and analyze due to the dissimilarity of
infrastructure systems tr include geographic, functional, and
operational differences (Building [esearch  Board 1991).
Additionally, expenditures for maintenance and repair items are

more often subject to the personal judgement of owners and managers
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than are other ownership costs (Ruegg and Marshall 1990).
Consequently, these costs vary considerably even for similar types
of systems. For this reason, even if sufficient historical data
existed, use of this data for maintenance and repair forecasting
would be the subject of much scrutiny. However, use of historical
data as a means to evaluate life-cycle costing applications to
prove its wvalidity, could be achieved through correlation of

construction and maintenance/repair items incurred thus far in the

life of a particular system.




4.1.2 BOMA EXPERIENCE EXCHANGE REPORT AND R.S.MEANS DATA

The "Downtown and Suburban Office Building Experience Exchange
Report (EER)" published by the Building Owners and Managers
Association International (BOMA) publishes results of annual
samples of building ownership costs for items in the areas of
mechanical, electrical, and heating/ventilation/air conditioning
(HVAC). 1Included are various maintenance and repair items broken
down by geographic location, city population, age, and size of the
infrastructure system.

The R.S. Means Company also provides similar maintenance and
repalr data in wvarious publications. A unit price section for
specific ownership costs 1lists data for various infrastructure
systens.

Both the BOMA Experience Exchange Report and R.S.Means data
can be used to assist in life-cycle cost estimating in the areas of
maintenance and repair. However, most sources used for life-cycle
cost forecasting are not likely to be identical to the selected
alternatives, but are possibly the best that can be accomplished

given the limited availability of resources in this area.
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4.1.3 CERL DATABASE

The US Army Corps of Engineers Construction and Engineering
Research Laboratory (CERL) located in Champaign, Illinois has
developed an engineered database for forecasting the ownership

costs of maintaining infrastructure system components.

"The database has been tested by a number of

military installations and contractors.

It is accessible by cost reports and by

computer software. It is the most comprehensive,
consistent, and well documented database we

know for estimating maintenance and repair costs"
(Ruegg and Marshall 1990).

The approach used in the development of this database is based on

Engineered Performance Standards (EPS) described by the following:

o Determine scheduled maintenance using manufactures
recommendations and prior experience, and forecast repairs by
determining the frequency of repairs using established failure
rates for specific components.

o Breakdown each maintenance and repair item “nto work
activities with the associated manpower components for each
activity using a predetermined average time period to perform

the specific task.

o Determine material and equipment requirements for the
forecasted maintenance or repair item.

2 Calculate total resource requirements (material, equipment
and manpower) for each year of the system's life.

35




The CERL database covers the four primary infrastructure
subsystems of architectural, plumbing, electrical, and HVAC which
are broken down into individual components and repair items using
the procedure described above (Neely May 1991). The database can
provide costs for components of the various alternatives (i.e.,
roofing alternatives for built-up, slate cement asbestos, tile,
shingle, and other roofing materials).

The labor rate portion of the database uses the time motion
study concept to which one applies one's own wage rates.
Additionally, the database allows for various pricing indices in
order to accommodate for geographic differences and varying levels
of use. These features of the database make it possible to
evaluate many different types of infrastructure systems at many
different locations in both the public and private sectors.
Appendix E lists research progress by CERL and the published
reports for this highly touced tool for life-cycle costing and
resource planning. Additionally, the author intends to implement
the CERL life-cycle costing data base during the next tour of duty
at the Great Lakes Naval Training Center while filling the position

of Staff Civil Engineer.
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4.2 INFRASTRUCTURE RISK MANAGEMENT

With the first development of a database for infrastructure
life-cycle costing being attempted only eight years ago (Dell'Isola
and Kirk 1983), it is fair to say life-cycle costing is relatively
new in the area of infrastructure management.

One of the principal reasons, other than being relatively
new, that life-cycle costing has not progressed in this area, may
be that many in the construction industry have the impression the
cost estimates developed for purposes of decision making using this
type of analysis are somewhat unreliable. Understanding it is
difficult to use life-cycle cost analysis with a high degree of
precision due to the uncertainties of forecasting future ownership
costs for maintenance and repair items, makes it necessary to
incorporate ‘"risk management" into investment decisions of
infrastructure systems.

Risk management as applied to 1life-cycle costing of
infrastructure systems refers to the assessment of and reaction to
the risk of uncertainty that will inevitably be associated with
future ownership costs (Flanagan 1987). By incorporating risk
management into the decision makers analysis, many of the
uncertainties can be minimized to provide a more reliable cost
forecast and thereby enhance the application of life-cycle costing

in the area of infrastructure management.
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4.2.1 RISK IDENTIFICATION

An integral part of life-cycle costing is development of
feasible alternatives given the requirements for a specific type of
infrastructure system. The tradeoffs generated by choosing one
alternative over another have inherent risks involved when
considering the costs of maintenance and frequency of repairs
associated with each alternative. The first part of managing the
risk is to identify the risk associated with each alternative being
considered.

As can be seen in Figure 4.1, one such method to identify the
risk 1is the decision tree approach (Flanagan 87). Maintenance
costs can be subdivided in a hierarchial manner, each level of the
hierarchy being associated with increasingly more detailed cost
information. Once all levels of risk have been identified for each
alternative, the decision maker's risk attitude can be incorporated

into the decision process for se.ection.
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4.2.2 RISK ATTITUDE

A decision maker's risk attitude is measured by a willingness
to tradeoff during analysis of competing alternatives given the
associated risk exposure for each alternative, Risk exposure
examines the probability profile of obtaining certain costs for
each alternative system. For example, by knowing the probability
of obtaining certain repair costs, as established from prior
experience and manufactures data, for competing heat distribution
systems, does one purchase the system with the higher acquisition
costs to gain a lower probability of repairs or accept the tradeoff
for another alternative of lower acquisition cost with a higher
probability for repair costs over the life of the system?
Effective life-cycle costing must take into account the risk and
uncertainties for each competing alternative if economic
efficiencies are to be obtained in the management of infrastructure
systems.

There are two general approaches to incorporate risk attitude
into life-cycle cost analysis (Ruegg and Marshall 1990). The first
is to make a decision based on the subjective or intuitive
percepticn to accept the degree of risk shcwn in the probability
profile for the selected alternative. If the investment decision
is to reject or accept a system or to select the best system among
the competing alternatives, then this approach is likely sufficient
even though it lacks any way to measure the risk attitude involved

with the selection. There are cases where the selected alternative
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has the highest degree of associated risk but the lcwest life-cycle

cost. Under this scenario, there must be a second or formal
approach to quantify the risk attitude when evaluating the
alternatives. Detailed discussion on a formal method to quantify
risk attitude is not considered for purposes of this study.
However, recent literature discusses the use of "the utility

theory" as a formal method to quantify risk attitude (Ruegg and

Marshall 1990).
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4.2.3 SENSITIVITY ANALYSIS

As has been discussed, the principal objective of life-cycle
costing is to analyze ard select among competing alternatives the
best system to achieve the required results for the least cost of
ownership. Selection of one alternative over another may in fact
change by varying one or several of the many factors considered
when #2valuating the alternatives (i.e., acquisition costs,
maintenance costs, cost of capital, duration period, etc.).

Sensit’vity analysis is a modelling technique that answers the
"what if" questions of changing a specific factor and the impacts
of the change on the overall analysis. Sensitivity analysis
although univariate, as opposed to probability analysis which
treats all variations of tne factors at the same time 1in
probability distributions, is likely to prove the more applicable
and understandable in risk analysis (Flanagan 1987).

An effective graphical representation of sensitivity analysis
is the spider diagram (Ruegg and Marshall 1990). By allowing
various factors to vary by a specified amount, the impact on the
life-cycle analysis can be determined. As shown in Figure 4.2, the
flatter the line the more sensitive life-cycle costing is to a
specific parameter. For example, the impact of a change in
parameter 3 would be much greater than that of parameter 2.
Add/tionally, by including probability contours, a range of

variation for a parameter can be plotted on the spider diagram.
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Sensitivity analysis as a management and decision making tool

provides a definitive method for making a selection given competing
i alternatives. Even though this type of analysis does not provide
' . an absolute solution, selection of the best alternative using this

type of analysis is the kind of judgement that managers should be

expected to make.
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CHAPTER V CONSTRUCTION CORRELATION TO MAINTENANCE AND REPAIR

5.1 INTRODUCTION

The study thus far has discussed life-cycle costing as a
method to analyze competing alternatives in order to select the
best alternative to meet the established requirements at the lowest
total «cost of ownership. Additionally, 1t offered that
conservation of both economic and natural resources could be
achieved through a greater investment at acquisition in higher
quality materials and equipment which in turn should reduce the
amount of future maintenance and repair outlays.

Unfortunately, the acquisition of infrastructure systems
appears to carry much more importance than future costs in the
maintenance and repair categories of those same systems even though
industry experts have offered that future outlays may total much
more than the initial cost of construction over the life of a
particular system (Building Research Board 1990).

Infrastructure related budgets are often established ba. ed on
maximum limits for construction expenditures. If costs can not be
kept within budget, the project may be canceled, or worse yet, the
project's cost may be reduced through substitution of lower quality
materials and equipment. When the constraint of the budget or
al rationing is the controlling factor, life-cycle costing may

not be realizable. As a result, the selected system may generate
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higher maintenance and repair costs. One may intend on correcting

the shorttalls at a later date or accept the increased ownership
cost as the price one must pay for the current funding deficit. 1In
the case of public infrastructure systems, the higher cost of
ownership is passed on to the taxpayer and in many cases compounded
by deferral of the required maintenance and repair items. Deferral
of maintenance and repair efforts lead to premature deterioration
and failure of infrastructure systems and system components,
accelerates increases in ownership costs, and causes potential
threats to safety and health (Building Research Board 1990).

There has been 1little effort in providing results on
performance of in service infrastructure systems to systems in the
planning and design stages (Building Research Board 1990). This
information could show how 1life-cycle costing influences the
maintenance and repair requirements of infrastructure systems.
Since the relationship between acquisition costs and future
maintenance and repair costs are difficult to describe, correlation
of historical construction and maintenance/repair costs for
specific infrastructure systems could assist in justifying the need
for life~cycle costing.

This chapter proposes to discuss collection and analysis of
data for three separate infrastructure systems in order to discuss
some of the various maintenance and repair items and their impacts
on the total cost of ownership. An assessment will also be made as
to what extent the specific maintenance and repair items provide

the potential benefit of a feedback mechanism for future designs.
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5.2 DATA COLLECTION
Collection of data for discussion of historical construction
and maintenance/repair items for the following infrastructure
1 systems was conducted through on site interviews, facilities
inspection summary shz2ets, and review of previous studies.
However, initial acquisition costs were available for only one of
i the three proposed systems and historical maintenance and repair
records were insufficient for statistical correlation of incurred

ownership expenses on all three systems.

i
Facilities Data
The facility infrastructure system selected was constructed in
§ 1968-70. The function of the facility is classroom and office
space. The structure is three levels of reinforced concrete with
concrete flat plate construction throughout. The exterior of the
i structure is brick faced. The outside access to the upper two

levels 1is provided by ¢ crete ramps. The roof component is
concrete deck with a built-up roofing membrane.

\ Since the historical construction records are retained in the
Federal Archives and not easily retrieved, correlation of the two
selected repair items to the initial construction activities was
not feasible. As described in Appendix F, the two specific items
selected for analysis were repairs to the roof and concrete ramp
components. At seven years into the life-cycle of this facility,

repairs to the roof deck and replacement of the entire roofing
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membrane at a cost of over ¢ 200K was identified. Additionally,
the exterior concrete walkway ramps were in need of $ 150K repairs

at a point of on.y seventeen years into the facilities life-cycle.

Steam Heat Distribution System

Collection of data for life-cycle cost analysis for purposes
of this study was obtained from a previous study completed in 1986
by the Ralph M. Parsons Company. The purpose of the Parsons study
was to conduct a comparison between direct buried conduit and
concrete shallow trench heat distribution systems to demonstrate
the economic differences in ownership costs over a 25 year life-
cycle. A direct buried system consists of two separate insulated
conduits (feeder and return lines) buried under earth cover in a
common trench. A shallow concrete trench system is basically the
same as the direct burial but instead is placed in a concrete
trench with removable cover flush with the adjacent ground surface
allowing for easier maintenance and repair. Initial construction
costs were obtained by collecting data from local suppliers and
contractors. However, no mention of actual historical construction
costs is made. Historical maintenance and repair cost data was not
availapble. "It was attempted to collect cost data from maintenance
logs and records. It was found, however, that such records were
ve .y sparse or nonexistent..." (Parsons 1986). Since insufficient
data existed, repair ccsts were calculated based on failure rates

for each system in combination with the material, equipment, and
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labor required to locate and make repairs. Construction costs are

shown in Table 5.1 with repair costs given in Table 5.2. Appendix

G describes the derivation of the cost figures for this systemn.

}
| ¢
t Pipe Dia (in.) Direct Buried Shallow Trench
‘ 1 $ 816,288/mile $1,448,040/mile
1.5 843,586 1,456,382
2 848,589 1,456,382
¥ 3 919,882 1,564,200
| 4 961,699 1,610,875
| 6 1,202,256 1,849,003
\ 8 1,463,193 1,934,539
Heat Distribution System Construction Costs
1 Tanle 5.1
Year Direct Burial Shallow Trench
| ¢ Failures/mile $/mile Failures/mile $/mile
‘. 0-7 0 0 0 0
8 .10 440 0 0
, 9 .21 923 o 0
‘ 10 .34 1494 0 0
' 3 11 .42 1846 0 0
12 .50 2198 .02 27
13 .59 2593 .04 55
14 .67 2945 .05 69
15 .76 3340 .07 9¢€
16 .83 3648 .07 96
N 17 .88 3868 .08 110
18 .95 4175 .08 110
19 1.0 4395 .09 123
20 1.06 4659 .10 137
21 1.10 4835 .10 137
22 1.18 5054 .11 151
23 1.20 5274 .12 164
24 1.24 5450 .12 164
25 1.29 5670 .13 178
Heat Distribution Repair Costs
Table 5.2
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Pavement System

The third infrastructure system considered for this study is
Portland Cement Concrete Pavement (PCC). Review of a 1990 study of
rigid pavement maintenance and repairs provides the information for
this qualitative analysis (Jaspers and Sinha 1990). While the 1990
study does not offer historical costs incurred thus far in the life
of the pavements, it does offer a method of life-cycle costing
which allows one to compare alternatives that do not necessarily
have the same service life.

Historical maintenance and repair cost information was
insufficient for use in the PCC study so collection of the required

data was obtained through other methods.

YAfter a few installation interviews, it was found that
much of the cost information was not available.
Consequently, unit costs were estimated in consultation
with facility engineers and local contractors" (Jaspers
and Sinha 1990).

Yet another case of the requirement to recreate the required data
since historical cost records were insufficient. For purposes of
analysis of this pavement system, historical data correlation was
not feasible. Fortunately, for qualitative discussion of the life-
cycle cost model presented in the 1990 PCC study, data analysis was

not required.
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5.3 DATA ANALYSIS

Facilities

Correlation of the two selected repair items, roof and ramp
repairs, to the initial construction costs could not be made since
historical records were not available. In addition to the direct
costs of § 200K for the roof repairs which includes deck repairs
and roofing replacement, extensive damage was also done to the
electrical systems, interior walls and ceilings, and interior
finishes. These repairs should also be considered when determining
the impact on the total cost of ownership caused by this repair
iten. The exterior concrete ramps are 12 x 150 feet and have
electrical heaters embedded in the concrete to keep the ramp free
of ice and snow in the winter months. The ramp repairs identified
include replacement of the heaters and significant structural
repairs to the concrete walkway and supporting structure.

The projected service life of built-up roofing is 20-25
years, concrete roof and floor (ramp) slabs have a service life of
40-50 years (Dell'Isola and Kirk 1983). For the roof system of
this facility to heve a life of only seven years and the concrete
ramp to have a service life of only seventeen years, as opposed to
the projected service lives of 25 and 50 years, respectively, it is
fair to say these two repairs have a significant impact on the

total ownership costs of this infrastructure system.
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Heat Distribution System

Analysis of the direct burial and shallow trench steam heat
distribution systems was conducted using 1life-cycle cost
computations on the data described in Tables 5.1 and 5.2 (Parsons
1986). Results indicate, on a 25 year liie-cycle basis the direct
buried conduit system is more economical than the shallow trench
when considering the total cost of ownership. 1In analyzing the
lotus 1-2-3 life-cycle cost computations, shown in Appendix H, one
can see that the initial cost of construction is the dominating
factor in the analysis. Note also that operating costs are nearly
the same, and even though the direct burial has higher maintenance
costs, the maintenance costs are relatively low when compared to
the construction costs.

It is interesting to note that a similar study was conducted
one year earlier on the same two types of systems and provided
opposite results. That is, the shallow trench proved the most cost

! effective over the 25 year analysis since the study presented
| construction costs to be nearly the same for both systems (PAN AM

!
i World Services 1985).

! Pavement

The analysis procedure developed for this infrastructure
system was an equivalent uniform annual cost life-cycle approach
which offers ranges of estimates for competing alternatives with

different service lives such as maintenance, repair, or
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reconstruction (Jaspers and Sinha 1990). While the Pavement study

did not allow correlation of historical construction and
, maintenance costs, it does offer a unique managerial approach to
] pavement management. Through use of the PAVER management systen,
networks of roadways can be assessed for a pavement condition index
which allows for oprioritization in scheduling and resource
3 allocation. Appendix H describes the life~cycle costing procedure

that could possibly be adapted for management of all infrastructure

systems.
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5.4 DISCUSSION OF RESULTS
Analysis of the performance of existing infrastructure systenms

¢ to facilitate feedback for the design of other systems, and as a

method of assessing life-cycle costing applications, can be a

| valuable tool in the area of infrastructure management.

i b The discussion on the facility portion of this study, while
focusing on only two of several repairs to be incurred over this
facility's life-cycle, offers specific issues worth addressing as

4 potential feedback of lessons learned for consideration in future
decision making. Pertaining to the roof component, one should
wonder why such a short service life of seven years was achieved as

} compared to a projected service life of 25 years. Quality of
roofing materials or workmanship are two potential areas worth
investigating. Another issue to be addressed should be the

} economic impacts of failing to properly repair the roof component

upon initial identification of the problem. The identified repair

item was not resolved until five yearé after identification.

Instead, several insufficient interim repairs were attempted and

resulted not only in poor use of available funds but also increased

interior water damage thereby compounding an already significant
repair item. As was the case with the roof component, one should
question why the concrete ramp had such a short service life of
seventeen years as opposead to the projected life span of 50 years.

Another issue pertaining to the ramps should be the exterior
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ingress; was this an absolute requirement or would have interior

staircases been sufficient for access to the upper floors.
Certainly in a Northern climate interior ingress should have been
at least an alternative to compete with embedded concrete heaters
which provide no feasible method to repair or replace.

In the discussion on heat distribution systems, results
indicate the direct burial system was the most economical over a 25
year analysis period even though it generated higher repair costs.
Since material and labor costs are substantially higher for
construction of the shallow concrete trench, while maintenance and
repair costs are relatively insignificant for both systems over the
25 year analysis period, one should question other parameters used
in the analysis of the two systems. During the analysis it was
found that concrete shallow trenches have shown service lives of 50
years to be feasible. A service life of 25 years was found to be
a good range for the direct burial system, but some have operated
in excess of this projected service life at excessively high repair
costs (Pan Am World Services 1985). The different 1life
expectancies of the two systems should leaa one to inquire as to
why both were evaluated on a 25 year analysis period. Had the 50
year projected service life of the concrete shallow trench been
used as the analysis period, the direct burial would have required
replacement at the 25 year point or been allowed to generate

analysis on this changed

Q

parameter would have shown a dramatic change in the results.
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If however, the period of ownership was expected to be 25 years or

less, then the direct burial would have been the probable choice
unless other factors influenced the decision.

While the pavement analysis portion of the study does not
address historical ownership cost items, it does offer a
potentially useful model on how principles of life~cycle cost
analysis can be implemented to control the cost of ownership for
other infrastructure systems. Researchers in this area are
attempting to implement the evolution of pavement management
systems into 1larger integrated "total facilities management"
systems useful for ownership control on all types of infrastructure

systems (Building Research Board 1991).




CHAPTER VI CONTROLLING THE COST OF OWNERSHIP

6.1 OBSTACLES TO LIFE~CYCLE COSTING

"The idea that life-cycle costs can be controlled
has wide appeal, but life-cycle cost analysis has
not been consistently applied in the design and
management of buildings."

(Building Research Board 1991)

A general attitude in both the public and private sectors that
life-cycle costing is too difficult, time consuming, and not based
on reliable data, is an attitude that generates a major obstacle to
implementation of life-cycle costing principles. These concerns
are somewhat valid and quite common throughout the construction
industry but can be overcome with further education and proven
performance of life-cycle costing application.

Presenting another major obstacle to life-cycle costing, is a
method of capital budgeting which reduces acquisition costs in
order to reduce the initial investment at the expense of proper
funding for construction of individual projects. By squeezing
projects into the budget at the expense of adequate funding levels,
cuts are mandated in construction costs to meet the budgetary
restrictions. Because the correlation of construction to future
maintenance and repair costs is poorly documented and even more

difficult to quantify, it is hard to favorably argue for a higher

investment at acquisition as a method to reduce future maintenance
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and repair outlays. Firms using this type of budgeting policy have
fail~d to realize the impact on the annual operating budget brought
about by increased ownership costs that could have been eliminated
or minimized through the application of life-cycle costing.

Yet another serious obstacle was identified by the Committee
on setting Federal Construction Standards to Control Building Life-
Cycle Costs 1is the lack of accepted industry standards for
describing operational performance of all building components.

The Committee noted:

"There is relatively little feedback of information
from buildings in service to new designs, which
might yield a reliable basis for estimating how
maintenance efforts influences service life of
buildings."
Such feedback could assist in dacumenting the validity of life-
cycle costing as a necessary munagement tool and provide the

foundation to one of the nation's most sensitive infrastructure

issues.
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6.2 LIFE~CYCLE COSTING AS A BASIC POLICY

Repairing, upgrading, and expanding America's deteriorating
infrastructure will require quadrupling the current investment by
the year 2000 (Gole 1988). Life-cycle costing must become a matter
of basic policy for public as well as private investment decisions
in order to optimize use of societies declining resources and meet
these future obligations.

Without understanding the need for such a basic policy,
infrastructure related decisions will continue to be made such that
financial liabilities are unnecessarily increased. Consequently,
the future liabilities will not “e met and precipitate the deferral
of necessary maintenance and repair items thereby compounding the
affects of an already poor management decision.

One must realize the importance of planning for the future.
Life-cycle costing as a basic policy provides the capabil.ty to
construct and maintain infrastructure systems in the most cost

effective manner given the established requirements.
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6.3 LIFE-CYCLE COST DATA BASES

Chapter IV discussed the current sources of data for use in
life-cycle cost forecasting. This section addresses the use of
data bases for development of historical records to track the
varjous ownership costs over the life of a particular system.
Specifically, the cost of operations, maintenance, and repair.

As previously discussed, the lack of available historical
information on maintenance and repair items makes it difficult to
justify the need for higher initial investments at acquisition in
order to reduce future recurring costs in the areas of maintenance
and repair. Through development of data bases on a cost accounting
structure, all incurred maintenance and repair costs could be
better associated with specific ownership items.

Through development of Management Information Systems (MIS),
in combination with an adequately funded maintenance and repair
program, historical record keeping of ownership costs for a
specific infrastructure system could assist with better correlating
the initial construction activities to the incurred maintenance and
repair items. This information could assist in providing feedback
for planning and design of future systems, and more importantly
provide a mechanism to lend credibility to the application of life-

cycle costing policies and procedures.
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6.4 MANAGEMENT ACCOUNTABILITY

As a decision maker and custodian of infrastructure related
issues, one has the responsibility to insure every dollar inv._sted
in infrastructure purchases the best system that achieves the
required results at the lowest cost of ownership.

Life-cycle costing is a method by which the decision maker may
select, implement, and defend as necessary the basis for one's
decision. However, some view this method of analysis as one that
will keep one from getting the project one really wants (Marshall
1987). Under pressure from both external and internal sources, one
may be forced to manipulate the figures to obtain the desired
results. As discussed by Senator Robert Morgan, Chairman, Senate

Subcommittee on Buildings and Grounds (Dell'Isola and Kirk 1983),

"I am disturbed when a consulting engineer tells

me and my committee he can make his life-~-cycle

cost estimate come out any way he wants"
All levels of management must understand the need for life-cycle
costing and accept the results. This is not to say one should not
question the parameters used in the analysis, but rather be willing
to understand and accept as necessary the principles involved in
life-cycle costing as a basis for the results. One must be
prapared to adequately convince those that question the results on
the long lasting consequences and importance of ownership costs in
infrastructure related decisions, specifically, the commitment to

future maintenance and repair levels.
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CHAPTER VII CONCLUSION

7.1 SUMMARY

With increased emphasis on total life-cycle costing, more
evaluaticn using costs associated with the complete life of an
infrastructure system will take precedence over selecting a system
based solely on initial acquisition costs. The major challenge for
the future is to develop a heightened degree of cost consciousness
in both planning and design of new infrastructure systems. Life-
cycle costs must be considered a major design parameter with an
emphasis applied to cost on a total life-cycle basis. With life-

cycle costing as a basic policy, the following items should become

a matter of routine:

o Cost growth for infrastructure systems will decrease
o Estimates will improve with respect to accuracy

o Data bases and data collection will improve

0 Budgeting procedures will improve with better data

o Future costs can be hetter projected and funded

In summary, dgreater cost visibility is required for all
infrastructure systems which in turn will yield improved use of all
resources and insure every dollar invested purchases the best
infrastructure system tc achieve the specified results at the

lowest cost of ownership.
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7.2 RESEARCH OBJECTIVES FULFILLMENT

Through this study a better understanding of infrastructure
economics, as it relates to the total cost of ownership for
infrastructure systems, has been developed. This study offered a
basic understanding of the parameters involved with 1life-cycle
costing to provide an introduction to a methodology by which the
most cost effective infrastructure system may be selected with an
emphasis on the economic consequences of each alternative system
considered.

Through the analysis of the data collected for the
infrastructure systems discussed, the study identified strengths
and weaknesses of the decision to select these specific types of
systems and offered various feedback mechanisms that may assist
with planning and design of similar future systems. Even though
complete correlation of historical costs could not be accomplished
due to insufficient historical data, an understanding of the basis

for the analysis will contribute to future related work in this

important area.
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7.3 RECOMMENDATIONS FOR FUTURE WORK

This research study offers significant opportunity for further
related work in the area of data base development for historical
record keeping of maintenance and repair cost items. With more
complete and accurate data one can better discuss the impacts of
the initial decisions made during design and construction as they
pertain to the &ctual maintenance and repair costs incurred over
the service life of an infrastructure system in order to provide a
feedback mechanism for future designs.

Additionally, little material exists as a training media in
this wvital infrastructure related area, nor do any higher
educational systems offer related classroom opportunities in life-
cycle costing. This study in addition to some of the reference
texts and the CERL data base could provide a foundation fo~r a
course syllabus to be possibly the first of its kind at the
university level. What better place to instill the value of
economic consequences in decision making for infrastructure
investments than at the roct of the construction industry in the

nation's universities.
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APPENDIX A
CAPITAL ASSET PRICING MODEL

(SOURCE: BREALY AND MYERS 1988)
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PRELI ESTIMATING CASE STUDY
ESTIMATING THE COST OF CAPITAL

1. Usingthe Beta ss calculated below and the Capital Asset pricing Model, the most likely discount
ﬁ:oiostof capital for Preli was calculated based on the associated risk for this capital budgeting
2. Capital Asset Pricing Model: Ke=R{ + Beta asset (Km - Rf)
where: Ke = cost of firms equity or discount rate
Km = expected return on the market = Rf + market risk premium
Rf = risk free rate (6 month T-bill rate)
Beta = level of systematic risk associated with the company

3. Sinceit was given that the firm had no outstanding debt, we can assume it is all equity financed.
Therefore, the Beta of asset and Beta of equity are equal for 2 100% equity financed firm. Sincethe
true business risk of a firm is reflected in the risk of it's assets, it is the asset Beta that should be used
inthe Capital Asset Pricing Model to determinethe firms cost of capital. Basset = Begquity for this

analysis (Principles of Corporate Finance, Brealey and Myers, 1988).
4. Therisk free rate, Rf, as of 4 March, 1991 was 6.06% for a 6 month T-bill and was taken from
CNN Headline News of the same date.

5. The market risk premium over the past sixty years was taken from The Principles of Corporate
Financeat 8.4%.

6. The appropriate Beta for Preli will be determined by averaging ten similar construction firms Beta
values as obtained from The Value Line Investment survey of 2 Feb, 1991.

COMPANY Beta
L. BLOUNT, INC. 85
2, CBI INDUSTRIES 1.00
3, CONTEX, CORP 1.20
4. DRAVO, CORP .30
5. FLUOR, CORP 1.45
6. FOSTER WHEELER 1.30
7 MORRISON KNUDSON 1.10
8. PERRINI, CORP .90
g, STONE AND WEBSTER .90
10, TOLLBROTHERS 125
TOTAL 11.25

Average Betz = Total Beta/ 10 =11.25/10=1.125

7. Ke=RS + Betaasset (Km - Rf) = 6.06% + 1.125(8.4%) = 15.51%
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APPENDIX B

LIFE-CYCLE COST ESTIMATING FORMS

(SOURCE: DELL'ISOLA AND KIRK 1983)




Life Cycle Cost Model
Project Floors LC Perod Date
Annuahized x pwa | Total Cost Location GSE ;/‘ta?.uc. Phase
Cost s PW Bidg
Type NSF PP Legend
* Gonst, Cost Target
| | b e e J TYD: Units PWA Actual/Est.— — ——
1 1 J —I N 1
Financing Functional Denial Of Depreciation Salvage
Costs Use Costs Use Costs Value
| WUOISPRIIUNDEIPIY B I PP SO I D d e e e L e N e S
Initat Operation Maintenance Alteration Replacement Associated
Costs Costs Costs Costs Costs Costs
b e ) e e S R J o
. \ fnitral Cost X PP
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S, -
Architectural
e — U I 0 I T ST ) S I R A J
Y
Mechanical
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. Electnical
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Equipment
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b e [ S 0 U, [ N O N, 4
Other
\
b e — S R FERRUU R A R PO, S R RS B J
PP ~ Periodic Payment to pay off loan of $1 00
PWA - Present Worth of Annuity
FIGURE A-12
Life cycle cost model
{
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Data Required for Life Cycle Cost Estimating

Design Quantites

Original Alternative 1 Alternative 2 Alternative 3
Van
able Urits Of
Type Symbot Nomenclature | Measure | Reference
H 1 T
j AA | Building Economic Life Years :
! AB Project Discount Rate % Gt Cost \ R
! AC  Escaiation Rate Yr —Labor ! |
| & Matenals % Of Cost !
' AD  Escalation Rate Yr —Heaung [
| ! "Fuel % Of Cost |
! AE 'Esecalotion Rate/Yr ~Cooling | ,
. [Egel % Of Cost |
| AF Escalation Rate'Yr -Lighting | !
] ! Fuet % Of Cost
'AG Escatavion Rate Yr —Domestic
' ' Hot Water Fuel %, Ot Cost
! ‘AH 'Escalation Rate Yr - |
' |  Maintenance % Of Cost i
10 (Al Escatation Rate'Yr ~ .
‘;E ‘ Associated Costs % Of Cost |
Q ! }
§ !
& !
3 1BA Gross Area Of Building j Sq Ft } Sketzh
88 Norma! Buitding Population i Each | Project
IBC Required Lighting Year | Hours ! Project
) Average Amount Of Lighting k
80 Power Required Over Fioor | .
Area 1 Watt Saq Ft
' Oomestic Hot Water Boilnr '
! 8E Enerqy Required Gallon
| Heatey | 8TU Gai Manu!
8F Domestic Hot Water Usage: I |
| Vear . Davs Project
8G Daily Hot Water Gallons } ‘
' "Person C Galign ,
8H Bstimated rourly Heating ]
Load BYU.HR - ASHRAE
B! Esumated Hour'y Cooling | "
i Load I BTU HR ASHRAE] R
8lJ A Conditioning Power Per '
Design Ton KW
) !
t
» ‘
E: ‘ S i $-—
! ‘CA Area Design Cost Factor INA
' cs ' Fuel Costs - Heating S'Miuion BTU |
'cC 1 Fuel Costs - Cooling S/KWh A
‘ D |Fuel Costs - Domestic Hot \
4 | Water SiMithon 8TU é
! CE  Fuet Costs - Lighting | S/KWh i
! .CF Equiv Full Load Hrs i |
' | AC Equip Per Year Hr :
i G Heating Degree Days Day oF l
‘ ICH  Summer Inside Design Tem
: : I perature %
| €1 “Winter Inside Design Tem
E E |perature % |
; o8 , Summer Quiside Design Tem
! | perature %
! CK | Winter Outside Design Tem o
; Iuerau e c \
I i
s ! !
g |
15 :
i [
L
R
FIGURE A-13

Data required for life cycle cost est

imating.
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Structural Life Cycle Costing
(Foundations, Substructure, Superstructure}

Onginal

Estimatedt

osts

Present
Worth

Alternative 1

Estimated| Present
Costs Worth

Alternative 2

Estimated] Present
Costs Worth

Estimated|
Costs

Altecnative 3

Present
Worth

Efement
Q1 Foundations
011 Standard Foundations

012 Special Foundations
02 Substructure
021 Stab On Grade

022 Basement Excavation
023 Basement Walls

03 Superstructure

031 Floor Construction

032 Root Construction

033 Stair Construction
Total Initial Cost

tnitiai

Costs

Annual Costs @.__% Discount Rate
Escal Rate % PWA (With Escal ) Factor

01  Foundations

A lInspection
8  Routine Repair, Moistureprooting, Resealing

c

02 Substructure

A lInspection

B8  Routine Repairr Mosstureproofing, Resealing
C  Painting, Touch up, Routine Refinishing

0

03 Superstructure
A inspection —_——

B Cleaming & Sweepina Of Firs Strs 11f No Arch Fin)
C  Panung Touch up Routine Finishing

0

Total Annual Maintenance Costs

Mamnmtenance
Costs

Single Expenditures @ ____ % Discount Rate
item Replaced [ Year ! PW Factor

A |
8 |

C e

0

—— A PR,

Replacement

Caosts

Totat Replacement Costs

Annuai Costs @ . __ % Discount Rate
Escal Rate % PWA (With Escal } Factor

a

8

c

Total Annual Associated Costs

Associated

Costs

Final Value @ Year PW Factor

0t Foundations

02 Substructure

03 Superstructure

Total Saivage Value

Total Present Worth Costs

LCC | Salvage
Value

PW — Present Worth PWA ~ Present Worth Of Annuity

FIGURE A-14

Structural lite cycle costing for foundations, substructure, and superstructure

103




Architectural Life Cycle Costing Estimate
Part | (Exterior Closure, Roofing)

Orniginal

ﬂEsnmatcd
Costs

Presant
Worth

Estimated
ICosts

Alternative 1

Alternative 2 Alternative 3

Present EEst«matedy Present ]Estimated) Present
Worth ICosts | Worth JCosts ' Worth

Element
04 Exterior Closure

041 Exterior Walis
042 Exterior Doors And Windows

+

05 Roofing
0501 Roof Coverings

L
!
i
t
!

0502 Traffic Toppings & Paving Membranes
0503 Roof tnsulation & Fill

0504 Flashings & Trim

0505 Roof Openings

Total imitia!l Cost

initial

Costs

Annual Costs @....__ % Discount Rate

Escal Rate.__.% PWA (With Escal ) Factor
04 Extenior Closure
A Cleaning Windows, Spandrels

8  Rouune Erection Of Screens, Awnings
C  Touch Up, Resealing, Routine Refinishing

D Routine Replacement Of Glazing, Panels

£

05 Roof
inspection

Routine Maintenance Of Roof Surface

Cleaning Gutters, Drains

Resealing, Skylight Repatrs
Parapet Repointing

SENS SEEG NG SN R S

mTMOoOO XD

Maintenance

Costs

Total Annual Matntenance Costs

Single Expenditures @____% Discount Rate
Item Replaced Year PW Factor
A Extenor Restoration

B Exterior Painting
€ Roof Covering

D Painuing, Reflashing

13

£

Total Replacement Costs

Replacement

Costs

Annual Costs @ _.._% Discount Rate
Escal Rate..—..% PWA (With Escal ) Factor,

A
8
C

Associated
Co;'s

Total Annual Associated Costs

Final Value @ Year PW Factor.

04 Exterior Closure.

05 Roof

Total Salvage Value

LCC] Salvage
Value

Total Present Worth Costs

PW - Present Worth PWA - Present Worth Of Annuity

FIGURE A-15

Architectural life cycle costing estimate—part 1, for exterior cicsure and roofing.
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Architectural Life Cycle Costing Estimate Original Alternative 1 Atternative 2 Alternative 3
Part 11 (Interior Construction, Conveying Systems)

‘Estnmateu( Present Est:mated‘ Present [Estimated| Present (Estimated Present
Costs | Worth__[Costs i Worth  Kosts Worth _[Costs Worth
T

Element

06 Intenior Construction
061 Partitions i
062 I[nterior Finishes ‘
063 Specialties ‘

3 07  Conveying Systems

0701 Elevators
0702 Mowving Stair & Walks
0703 Dumbwaiters
0704 Freumatic Tube Systems

JR R H, S

Tota! Imtial Cost

imtal

Costs

§ Escal Rate ‘o PWA (With Escal ) Factor
' Salaries (Operation Etc }

H
|
|
Annual Costs @_._.% Discount Rate |
|
i

Etevator Energy Cost :
Moving Stairs & Waiks Energy Cost :
Oumowarter Energy Cost )
Preumatic Tube System Energy Cost _)L_

C.TPTMSO WD

| — 4
Total Annual Operation Costs

Operation
Costs

Annu Costs @___% Discount Rate ' !
Escn Aate PWA (\With Escat ) Factor—. ] ‘
06 Inteaor Construction |
Ciegrung & Dusting Partit ons Chalkboards
Maintenance Of Operavle Partitions
Curpset Creaning Sweepning
Tue, et¢ Floor Cleaming & Sween nyg .
Star L'earing (18 No Aren Finh Use Strue Form Plani de !

onveying Systems f
Presentative Mamtenance Insoection
Routine Cleaning
Reparr Adjustment : .

- : T

Total Annuat Mantenance Costs

07

— — bt

MOOm@O Mo D e 3

Mamntenance

Costs

Singte Expenditures @____ % Discount Rate

1tern Replaced Year ' PW Factor
A totors, Lifts
8
C
o]

Total Replacement Costs

Reptacement

Costs

I
Annua' Costs @ ____% Discount Rate
E,cal A% PWA (With Escal ) Factor

Total Annual Associated Costs

Assacisted

mn

inal Value @ Year PW Factor
06 intenior Construction
07 Conveying Systems
To it Salvage Value

Total Present Worth Costs

LCC [ Satvage
V.

PW - Procent worth PWA - Present worth Ut Annuity

FIGURE A-16
Architectural nfe cycle costing es!'mate—part 2, for riterior construction and conveying
systems




Mechanical Life Cycle Costing Estimate Onginal Alternative 1 Alternative 2 Alternative 3
{
‘ Estimated| Present JEstimated] Present [Estimated) Present |Estimated Present
‘ osts Worth _ [Costs Worth {Costs Worth  [Costs Worth
! Efement
08 Mechanical Systems
081 Plumbing .
082 Heating, Ventilation, & Air Conditioning.
§ 083 Fire Protection
084 Special Mechanical Systems
) - -
z é Total imtial Cost

Annual Costs @ ___% Discount Rate

€scal Rate—___% PWA (With Escal } Factor
Salaries {Operation, Etc )
Domestic Hot Water Energy Cost
Heating Energy Cost
Venulation Energy Cost
Aur Conditioning Energy Cost
Pumps, Motors, Etc Energy Cost
Fire Protection Energy Cost |

S TOMMOO®P

Total Annual Operation Costs

Operation
Costs

Annuat Costs @__.__% Discount Rate
Escal Rate____% PWA (With Escal } Factor,
08 Mechanical Systems

A Plumbing & Sewage Cleanout,Repair —
B  Domestic HW System Repair, Adjust
C  HVAC Preventative inspection, Testing
D  Routine Cic ming Ducts, Pienums
3 £ Routine Cleaning Boulers, Controls
F  Repair Heating System
G Reparr Venulation System
H  Repair Air Conditioning System
I Adst Controls & Instrumentation
J Routine Replace Filters, Insulation
K HVAC System Balancing
L Fire Protection System Cleaning
§ M Fire Protection System Reparr
} g N
Q
I 0
| g 5 Yotal Annual Maintenance Costs
Single Expenditures @_.__% Discount Rate
1tem Replaced Year FW Factor
. A  HW Boler _
; 8 Pumps, Motc s
| ] - C  Control System
H D
i g € |
. 2y F l
Ez° 8 Total Replacement Costs
' Annuat Costs @____..% Discount Rate |
Escal, Rate__% PWA (With Escal ) Factor
A
) 8 !
Total Annuatl Associated Costs
Final Value @ Year PW Factor
gg 08 Mechanical System
33 Total Salvagc; Value
§ Total Present Wworth Costs
?
PW —~ Present Worth PWA — Present Worth Of Annuity
FIGURE A-17
Mechanicai life cycle costing estimate.
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Electrical Life Cycle Costing Estimate Origmal Alternative 1 Altstnative 2 Alternative 3
Estimated| Present Estimated| Present JEs Present Pe,. Present
Costs Worth _JCosts Worth [Costs Worth [Costs Worth

Element
09 Electrical
091 Service & Dintribution

092 Lighting & Power.

093 Special Electrical System

Intual

Costs

Total Imtial Cost

Annual Costs @ _.__% Discount Rate
£.cal Rate % PWA (With Escal } Factor

A Salanes (Operation, Etc )
8  Lighting Energy Cost
C  Commumcations Alarm Energy Cost
O Emergency Light “ower Energy Cost
e £  Electric Heating Energy Cost
2 F — —
g » G —— _ — S
g- é Total Annual Operation Costs
Annual Costs @_____ % Discount Rate
Escal Rate . % PWA (With £scal ) Factor
A inspecuon, Teste.y, & Maint Of Safety
8  Relamping And Routine Replacement
© C  Repair Communications, Alarm Systern
2 D Repaw Electric Heatng System
: £
izl F o
5 81 Totat Annual Mantenance Costs
Z 0
Single Expenditures @____% Discount Rate
ftem Replaced Year PW Factor
A Distnibution System _{ 3. . . ___. - R
8  Lighting System
C Commun 'Alarm.__. R SN S - —
D  Emergency Generator
- €  Eiec Heat Equip
::, F
é G
2 H
L%é Total Replacement Costs
Annual Costs @_____% Discount Rate
Escal Rate % PWA (With Escal ) Factor
3 A
5 B
gz c
é’ é Total Annuat Associated Costs

Final Value @ _____Year PW Factor

09 Electrical

Totat Salvage Yalue

Total Present Worth Costs

LCC} Salvage
Value

PW ~ Present Worth PWA - Present Worth Of Annuity

FIGURE A-18
Electrical iife cycle costing estimate.
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.“ Equipment Life Cycle Costing Estimate Onginal Alternative 1 Altarnative 2 Alternative 3
Estimated| Present [Estimated| Present [Estimated] Present |Estmated! Present
Costs Worth [Costs Worth_JCosts | Worth [Costs ' Worth
T
Element ,
11 Equipment | |
111 F.xed And Movable Equipment )
112 Furnishings
& s 2 113 Special Construction. "
= &|Total Intial Cost |
£ O :
i Annuat Costs @__% Discount Rate
. Escal Rate.—...% PWA (With Escal } Factor
' A Salaries (Operation, Etc )
. B  FPood Service Equip Energy Cost
C  Vending Equip Energy Cost
& D Waste Handling Equip Energy Cost
¥ —
| 5 ;
& é Total Arnual Operation Costs
Annual Costs @__% Discount Rate
Escal. Ri ' % PWA (With Escat ) Factor
A Inspectton And Testing Of Equipment
2 B8  General Cleaning, Dusting Of Equip
C  Repair Food Service Equipment
° D Repar Vending Eqiipment |
2 £  Repar Waste Handling Equipment .
8 F !
e ¢
= w»
3 8 Tota! Annual Maintenance Costs
3 Singte Expenditures @___% Discount Rate
Item Reglaced Year PW Factor
>~ A Al
é B
[
2. o
\ Eé‘ Total Replacement Costs !
I
Ancual Costs @____% Discount Rate
i Escal Rate———_% PWA (With Escal } Factor
] A
8 B
gzl €
2%
23 Tetal Annual Associated Costs
Final Value @.__Year PW Factor
-3
s 5 11 Equipment
) 33 Total Salvage Value
Q
3 Total Present Worth Costs
PW — Present Worth PWA - Present Worth Of Annuity
FIGURE A-19
Equipment life cycle costing estimate
)




Site Work Life Cycle Costing Estimate Onginal Alternative 1 Alternative 2 Alternative 3

!

Estimated| Present {Estimated| Present [Estimated] Present [Estimated| Present
Costs Worth_lcosts Worth_{Costs Worth _costs Worth

I Element

12 Sitework
| 121 Site Preparation
122 Site Improvements
. 123 Site Utilities
. 124 Off Site Work

Real Estate
Total Inita! Cost

Imuat

Costs

Annual Costs @.__.% Discount Rate

Escal Rate__.% PWA {With Escal ) Factor
A Salanes (Operation, Etc )
8  Lighting Energy Cost
C  Snow Melting System Energy Cost
0
E

Operation
Cost

3

Total Annual Operation Costs

Annual Costs @.—.% Discount Rate

Escal Rate—_.% PWA (With Escal ) Factor
General Site Cleaning.
Landscaping Maintenance ]
Snow & Ice Removal (Parking, Watks)
Relamping And Routine Replacement -

Maintenance

Costs

MO O ® >

Total Annual Maintenance Costs

Single Expenditures @___._% Discount Rate

ltem Replaced Year PW Factor
A Trees, Shrubs

Parking Pavement

Sone

| -

B
C
o]
£

Total Replacement Costs

Replatement

Costs

% Discount Rate
L PWA (With Escal } Factor

Annual Costs @
Escal Rate

o0 ®P
I
|

Total Annual Associated Costs

Associsted
Costs

Final Value @. Year PW Factor_
12 Sitework

Total Salvage Vaiue

LCClSalvage
Value

Total Present Worth Costs

g = e

PW - Present Worth PWA ~ Precent Worth Of Annuity

FIGURE A-20
Site work life cycle costing estimate
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Life Cycle Cost Estimate Summary

Qriginal

|
Estimated]Present

Costs

Alternative 1

|

Estimated,Present
Costs 'Worth

Alternative 2

Estinated Present
Costs Worth

Alternative 3

EstimatedPrescent
Costs Worth

{Imtial Costs
Ptanming Design, Special Studies Fees

IWorth

Structural

Archrtectural iParts | & 1H)

Electnical

General Conditons & Profit ___% {11 Approp }

-+

{ Mechanical
i
|
i

Eauipment

Srtev.ork

Other

Conuingencres %

Escalation__.%

Tnitat

Costs

Operations
| Architectural (Part i)

Mechantcat

Electrical

Equipment

Sitework

Other

| Total Annual Operations Costs

Maintenance

——

Structurat
' Architectural {Parts | & Hh

! Mechanical
Erectnical

Equipment

Sitework

Other,

i Total Annual Maintenance Costs
3

Alterations

(ltemis) Altered Year PW Factor

;A

8 e f e

N e m s e

! o] —

Total Alteraton Costs

Replacement
' Structural U

" Archutectural (Parts 1 & 1) -

Mechanca

Erecerical —_

Equipment —

Sitework

Other R

Total Replacement Costs

m\ancmg Costs

"Functional Use Costs
!

Y SN SIS

;Demal Ot Use Costs

F
Assocrated
TOA

B e e

[y}

?
i C
i

€

lTotal Annual Assoctated Costs

1Total Qwning Present Worth Costs

Qwang

Costs

Buiiding {Struc , Arch Mech Elec Equip )

Sitework

L
|
' Other
i

Total Satvage Value

Salvage

Value

Total Present Worth Life Cycie Costs

LCcC

Life Cycle Present Worth Dollar Savings

r————d—

FIGURE A-21
Life cycle costing estimate summary.




APPENDIX C
SOURCES OF DATA FOR COST DEVELOPMENT

(SOURCE: RIVERSO 1984)




7.3 Source of Data

One of the three inputs into the Life Cycle Costing
system, owner’s profile, has already been discussed. The
other two sources of 1input, which provide the necessary
information for the computation of the life c¢cycle cost esti-
mate, are in the form of databases and procedural refer-
ences. In order to fully expand on these sources of input,
each of the life cycle cost’s possible sources will be dis-

cussed.

LCC~1 Initial Construction Costs: Lump sum {initial
construction cost data may be obtained from con-
tractors’ historical cost files, <cost manuals,
and supplier’s quotes. These data sources have
been utilized by the Construction Industry for
many decades, and are readily available. In
order to be compatible with the proposed Life
Cycle Cost system, the data files, which for the
most part are organized in accordance with the
Masterformat, need to be re-organized in accor-
dance with the Uniformat. This will provide

detailed data along a systems format, which is




LCC-2

LCC-3

LCC-5

more compatible with the proposed 1life cycle

cost model.

User Function Costs: These costs are unique for
each project, and require development, as

opposed to a collective database. A great deal

of 1information about tha operatiouns and produc-
tivity of the operations needs to be <collected,
in order to properly attribute <costs and/or
benefits with alternative construction designs
and methods.

Maintenance and LCC-4 Custodial Costs: These are
annual recurring costs, which require data
arranged in a formal database. These costs are
dependent on quality of both initial construc-

tion, and on the commitment to upkeep. Specific

requirements of the database are presented
latter,
Energy and Utility Costs: These are annual

recurring costs which depend on the accuracy of
two sets of items. The first set inv ~ves the
prediction of the energy demand. These predic-
tions are based on principles promulgated by the
American Society of Heating, Refrigerating, and
Air-Conditioning Engineers (ASHRAE) and the
Illumination Engineers Society (IES). The com-

putations involved 1in these predictions are




becoming more accurate and less time consuming
with the advent of computerized systems, such as
the Building Loads Analysis and Systems Thermo-
dynamics (BLAST) program developed by the Army
Corps of Engineers Research Laboratory and the
DOE~-I1 program developed by the Department of
Energy. The gecond set of iteams involves the
prediction of inflation and escalation rates for
future energy prices. It should suffice to say
that in a world in which our wmain source of
energy 1s coantrolled by unstable countries, and
more knowledge of new energy sources is being
discovered daily, that the validity and applica-
bility of these predictions are questionable.
Even so, this 1is the only means of preparing
future estimates for <costs of this —category.
Each building system will be associated with its
energy load. To properly estimate energy usage,
the alternative may require an interdependent
relationship with another system. For example,
the exterior closure system, Uniformat division
4, accounts for heat losses and gains through
the walls, and solar heat gains through the
fenestration, The cost of the energy loads will
be dependent upon the mechanical syscem

employed.




LCC-6

LcC~7

LCC-8

Administrative Costs: These costs are unique for
each individual project, and require develop~
ment, as opposed to a collective database. Real
estate taxes are dependent on the percent dollar
assessment valuation and the tax rate of the
local 1level of government., Insurance is depen-
dent on the ratings of the local police and fire
departments, and the location of the project.
These and other administrative «costs require

individual analysis for each project.

Alteration Costs: Future scheduled and planned
alterations may be estimated based on initial
construction cost estimates. Therefore, the
same database utilized to estimate initial con-
struction costs, may be employed to estimate

these costs.

Replacement Costs: A database is required in
order to determine the scheduled and required
replacement for different systems within the
building project. These costs also need to be
prorated for quality of initial construction and

quality of preventive maintemance and upkeep.

Salvage Value: This is a future lump sum price,
which is a function of many different items. As
pointed out earlier, the growth in the rate of

)

| ~
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e

awareness and concern prospective owners are
expressing in life cycle costs has created a
need for expert assessment of the salvage value,.
Salvage value 1s a benefit and/or cost which 1is
derived from the quality of construction, level
of maintenance, location, {inflation, and supply
and demand principles. Two salvage values
exist: the salvage values of individual systems
once replaced, or at the perfiod in time when the
owner disposes of the building. However, to
estimate the salvage value of each individual
system when an owner decides to sell a building,
ignores three items. First, the value of the
summation of all the building components
together 1s greater than the sum of the indivi=~
dual building systems’ values, This phenomenon
is labeled as the effects of synergism. Second,
the wvalue of a bullding in some locations
increases at a rate higher than the rate of inf-
lation. This results from market phenomena.
Third, prospective buyers are not always willing
to pay more for a building simply because 1its
life cycle costs promises to be lower. These
three items should be conservatively estimated

and accounted for.




LCC-10 Other Costs: These costs are developed and

estimated for each individual ©project, and

therefore require no database.

According to the discussion presented above, pertain-

ing to the source of life cycle cost data, only LCC-

1,3,4,7, and 8 require information which 1is Dbest

organized by the use of a database. These life cycle

costs are as follows:
LCC~]l Initial Construction Costs'
LCC~-3 Maintenance Costs
LCC~4 Custodial Costs
LCC-7 Alteration Costs

LCC-8 Replacement Costs
The databases required for LCC~-1 and LCC-7 are readily
available. Hovever, there are few databases in existencc

for LCC-3, LCC-4, and LCC~-8, as discussed below.

7.4 Current Databases Available

The proposed Life Cycle Cost system operates within the
same GIGO principles as a computer program doces. Tne GIGO
rule states that 1f garbage is fed into the system, the 5ys~
tem shall return garbage out. Stated differently, the

results the Life Cycle Cost system ylelds are depeadent upon




the ‘nput fed into it. As initial construction cost data,
which 18 utilized in developing estimates for both initial
construction (LCC-1) and alteration (LCC-7) costs, is
readily available, the following discussion pertains to
maintenance (LZC-3), custodial (LCC-4), and replacement
(LCC~8) costs. Previous methods of estimating these <costs
were dependent on estimating them as a percentage of origi-
nal costs. Although these three life <cycle <costs may be
developed for each project individually, a database would
provide more accurate, more consistent, and less time con-
suming results. Currently two databases have been develope

which are available to Life fycle Cost system users.

The first database, which is described as an ‘industry
first attempt’, was developed by Alphonse Dell’Isola and
Stephen Kirk. Their book, "Life Cycle Cost Data’, was pub-
lished 1in 1983, and provides data on annual maintenance
costs, replacement lives, and the cost of replacement as a
percentage of original cost, [81] Maintenance costs, as they
define them, include custodial, repair, contract mainte-
nance, and maintenance staff costs. The combination of cus~-
todial and maintenance costs presents no problem .f compati~
bility with the proposed Life Cycle Cost system. In fact,
without considering the quality of Dell’Isola’s aand Xirk’'s
data, their database satisfies the requirements of the data-
base needed to complete the input for the proposed system.

Data is organized a.d classified in terms of the Uaiformat,
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The format for presenting this information is shown in Fig-

ure 7.8, [82] This database compiles information from more

1 Maniensnce anwaicost, $ | Energy | Replace-
Urwt of h ment tle, | .
Tem Sescnphon [V © } Labor | Matens) | Equoment | (EV) | wrs Replaced

Used 0 document UNIFORMAT
calegory and describe speciic
Iacibly Heme analyzed.

2 .3 4 & 6

Used 10 COnver labar oS wiQ MU COtS

Used 10 convert matenal iequirements »nto annual costs

3 Used 10 CONVErt maniensnce aquyiment inlo annudl costs

Used 10 1ecord energy CONSUMPHON requiemenis lor the

{aciity tems

Used 10 go t reph hie of sigmh

components of 1acikty Hems

6 Used 10 sstmate parcent of lacity item Cos! replaced a1
the yasr speched (see Replacement hie)

895
g
5
§

L]

*
Figure 7.8 Dell‘Isola’s and Kirk‘’s LCC Database

* Reprinted from ‘Life Cycle Cost Data’.

than 24 different sources of data, as shown in Figure 7.9.

[83]

The second database has been, and is presently, being
developed by the Army Corps of Engineers Construction
Engineering Laboratory. Research concludes that data col-
lection of wmaintenance and repair costs for army installa-
tions is not feasible at this time. This 1is because records
of the army’s buildings and their characteristics lack the
necessary detail to develop a complete life cycle cost data-
base, Therefore, the research concludes that a life cycle

cost database is best developed by Engineered Performance

Standards (EPS). The following is a general outline of the

steps utilized by the Engineered Performance Standards
method to develop maintenance and repair data for building

components [84]:

e — - - T

et e 2

[ —

TR




£

APPENDIX D
DELL'ISOLA AND KIRK DATA

(SOURCE: DELL'ISOLA AND KIRK 1983)
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i TABLE B-1
s iR LIFE CYCLE DATA
g‘ ITUM DESCAIPTION UNLT MAINTENANCE DESCRIPTION MAPITENANCE ANNUIAL CORY 1 ENERCY AEPLACE 'l(RCl'ﬂ 1
‘ Ot asune TAROR  [WATEAIAL [EGUIPMENT] DEM et Aereaceo |
T 1Y gL }
' q" 04 EXTERIOR CLOSURE
'l 041 EXTCRIOR WALLS
l 4. 0411 EXTERIOR WALL CONSTRUCTION
" Masonry Vencer; 4" brick & WSFP Repointing joints @.0min, .06 .02 .00} /A 75 100
4" block, insulation & every 15 years)
. vapor barrier
' ¥
Aluminum Panel: insulation WS Minor repair, cleaning ,08 01 001 N/A 80 100
. § vapor barrier (2,0 min, every 6 years)
i
Metal Panel; insulation & WSF Minor repair, clean:ng .08 .01 .001 | N/A 40 100
vapor barrier (2.0 min. every 6 yeca-s)
! 04 EXTERIOR CLOSURE
. ! 042 EXTERIOR DOORS & WINDOWS
( 0421 WINDOWS
! Fixed glazing frame, hardware | WSF Lobby, storefront,: Wash 1.7 | 2,0 ,04 N/A 40 166
and Squeegee dry both
sides of glass, (.18 min/
week)
\ISF Office, other areas: (,18 .14 W02 .01
1— min./quarter)
WSF Repair glazing, frame & .01 .01 .001
hardware
}
\ 'TEM DESCRIPTION umT MAINTENANCE DESCRIPTION MAINTENANCE ANNUAL COBT ENERGY :::‘l'lcf :(:C:zlb
' a:‘su" UASOR  |MATERIAL W) o e L
. 1YAS)
04 EXTERIOR CLOSURE
r 042 EXTERIOR DOORS & WINDOWS
0423 EXTERIOR DOORS
Hollow metal door, frame, WSF pamp clean both sides .08 .01 .0l N/A 40 100
hardware (.12 min/quarter)
WSF Repair door, frame,
hardware .10 .05 .02
2 t Solid Core Wood Door WSP Damp clean both sides .08 ,01 .01 N/A 40 100
%1 (.12 min/quarter)
s
N Wsp Repair door, frame,
& hardware .12 .06 .02
£
£
¥ WSP Paint, 2 coats every 4 ,07 .02 .02
f} years
0s ROOFING
0501 ROOP COVERINGS
Tar and gravel built-up RSF Preventative inspection ,001 N/A N/A N/A 20 100
Membrane roofing, (.01 ~in, per yeur)
5 ply - 15§ felt
RSP Minor repair (,02 min, per} ,002 | ,001 N/A
year)
. B
a ?g Prepared roll RSP Preventative inspection .00l N/A N/A N/A 12 100
% Roofing, 15# felt (.01 min, per year}
;‘f RSP Minor repair (.03 min, per | .003 | ,002 N/A
¥ year)
%
: ¥

L e & iRk A R

¥
?
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N
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L TABLE -1
{ continued)
! T tm DI AIPTION [ MAINT ENANCE DESCRIPTION MAINTENANCE ANRUAL COBT wnenay  |RoecacE | sgacent ]
) Leasuns JTABoR  [WATeRiAL [touimaTaT] DA E‘i: hisuacte
] Gé INTERIOR CONSTRUCTION
cél PAKTITIONS
. 0611 FIXED PARTITICUS
Crywall rartitions, Matal or YSF Minor repair (1.0 min. .03 .01 ,001 N/A 35 100
Wood Studs every L0 yuavrs)
06 INTERTOR CONSTRUCTION
061 PARTITIONS
0612 DEMOUNTABLE PARTITIONS
i Baked Enamel Steel partitions,| WSF Damp clean botn sides (.12 .08 .01 N/& N/A 28 100
bemountable, Full or Rank min. per quarter)
Height
WSE | Minor repair (1.0 min, cvery| .02 Q1 | 001
10 years)
06 INTERIOR QONSTRUCTION
061 PARTITIONS
i? 0616 INTERIOR DOORS AND FRAMES
Hollow Metal Door and WSF Camp clean both sides !.12 .08 .0 N/R N/A 30 190
Frame, Hardware min/quarter)
WsE Repair Door, Frame, Hardwa<w| .08 .04 .0l
Hollow Care Wood Door with WSF pamp clean both sides (.12 .c8 .01 N/A N/A 20 100
Metal Frame, Hardware min,/quarter)
£ WSF Repair Door, Frame, Hard- .10 .05 02
ware
WSF painting < 2 coats (1.0 .03 .0l .001
every 6 years)
ITEM DEXCRIPTION ‘!UNIY MAINTENANCE LESC 1. PTION MAINTENANCE ANNUAL COS 1 R ENERGY RE‘:}"CE :E‘R’{':gzo ‘]
SEasune CAROR  JMATERIAL [EQUIPUENT]| REM e ]
06 INTERIOR CONSTRUCTION
062 INTERIOPR. FINISHES
0621 WALL FINISHES
t’ Interior Paint on Masonry Wer High Use Areas:
paint ~ 2 Coats (1.0 min. .13 .03 .02 N/A (Seel! N/A
every 2 ye&rs) Maint)
WSP Low Use Areas .04 0L .0l N/A {See| N/A
paint - 2 coats (1.0 min. Maint)
every 7 years)
; Interior Paint on Drywall WSP Change of Celox; .13 .03 .02 N/A (See N/a
Paint - 2 coats (1.0 min. paint)
R every . years)
s WSF Otherwise: .04 .0l .0l N/A (Seel N/A
A paint - 2 coats (1,0 min, paint)
- every 7 years)
e
&
H ‘ Ceramic Tile, Glazed with WSF High Use Arecas: 2.6 10 .G2 N/A 25 100
%; Organic Adhesive Damp Cleaning Daily (.06
; f«" min, per day)
| A
G WSP Minor Repair Yearly ,01 .01 .001
B b
! f{ WSF Low Use Areas:
" - Hinor Cleaning L] .02 N/A
-
% £ WSF Minor Repairs, yearly o1 .0l M/A
%
'
£
X
i
0
P 203
¥ s v =
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APPENDIX E

CERL DATA BASE

(Source: Neely, Neathammer, and Stirn May 1991)
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-’ USACERL TECHNICAL REPOR™ ®.91/1
\ay 19¢°

US Army Corps
of Engineers

; kB Construction Engineering
Research Laboratory

'Maintenance Resource Prediction in the
| Facility Life-Cycle Process

by
., Edgar S. Neely
.. Robert D. Neathammer
3 ® James R. Stim

¢ Estimates of maintenance resources are needed
. during all phases of the Army facility life-cycle:
" planning, design, operation/maintenance, and
: demolition.
'.'

& In the past, estimates that involved maintenance
F-. resources have been inaccurate due to the lack
> of a comprehensive data base containing mainte-
j- NaNCe costs. To improve this accuracy, the U.S.
e Army Construction Engineering Research Labora-
b tory (USACERL) has developed a series of
N mainienance feource data bases which can be

: wnmm« In addition, madiels

E been devissd for prediction of cotyear :
' maintenance costs. Commuter prograris have i
> been developed 10 automate the ¢zta bases and ;
kX m models. ¥

[ This report ciescribes the research and develop-
K ment for this project. Separate USACERL re- i
{ ports Dresent the data base contents, computer :
o . program descriptions, and user manuals. (7
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2 RESEARCH PROGRESS AND REPORTS PUBLISHED

Research Progress

The rescarch was conducted over 7 years. Most of the tasks were performed in paraliel with review s
by an Army-wide steering committee at major milestone points.  Yearly presentations on the researc:
progress were made at the annual Worldwide Real Property Management System (RPMS) conferences.

HQDA formed an Army-wide maintenance steering committee (users’ group) to guide the research
This committee was composed of onc voting representative from every Ammy office involved in planning
and programming of maintcnance resources. The four largest MACOMs were asked to participate in the
steering committee; three of these became actively involved in the rescarch. Ten installations also served
on the stecring commitice: six in the United States--Forts Devens, Bragg, Wood, Siil, Harrison, and Ord.
and four in Germany--Baumholder, Wucerzburg, Pirmasens, and Grafenwohr. The Army Reserve and
National Guard also had voting members on the committee. The steering committee was open to all DOD
clements. Official liaison members from the Air Force and Navy also participaied in the steering com-
miltee meetings.

A standard briefing procedure was established. The HQDA staff was briefed the day before the
steering committee meeting. The Assistant Chief of Engineers (ACE) was briefed after steering committee
meetings when major decisions were made.

The first task was to detcrmine one set of standard definitions for use by ali Army elements. A list
of all current definitons was compiled and reviewed by both the research team and the steering committee
member organizations independently. Many current definutions overlapped, and several required
knowledge of the organization that performed the work before they could be applied.

The second task was to determine the state of the art in planning and programming maintenance in
the Army, the private sector, and other Government agencies. Major Federal agencies were contacted and
visited. Most agencies were aot performing maintenance resource plans and program functions beyond
the budget year. City anu state governments were contacted as well as colleges and universities. Stanford
University was the only organization found that had a long-range planning program. Several large
companics and management organizations also were contacted, but none had any long-range maintenance
planning programs.

The review of the current programming and planning activities within the Army showed that the
installations had relatively little functional work in this area. All functional work was performed by the
MACOMs and HQDA. An initiative to move the planning and programming function down to the instal-
lation 1evel was underway within HQDA., It was expected to take at ieast 3 years for full implementation
at the installations. The purpose of performing planning and programming at the installation level is to
obtain a more accurate picture of Army needs based on the actual facilities maintained. The installations
need tools to help then: perform these activities. Therefore, part of this research effort was to identify the
tools needed, develop computer programs to support the function, and test the prototype programs at
several installations.

‘The first meeting of the entire steering committee was held after tasks 1 and 2 were completed. The
steering committee charter and research proposal were reviewed and accepted. The results of the state-of-
the-art survey were presented to the committee. The current and proposed definitions were presented and
discussed. All participants could agree on using Webster's definition of maintenance, but beyond this
point, there was very little agreement.  Most participants could see that the terms were overiapping and
in some cases cyclic in naturc. However, it was agreed not to pursue standard definitions further.
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The third task was to visit the 10 test installations to discuss how planning and programming
functions could be performed at the installation levels. Since the installations were not currently involved
» in these activities, the discussions proved very interesting. All installation personnel stated that the
installation was underfunded to do the work that should be performed and that the budget figures have
very little to do with actual facility maintenance needs. Most installations seemed reluctant to consider
performing this new function, citing personnel shortages anc a lack of knowledge about their facilities as
the two major problems. The installations were willing to work with the researchers to develop and test
new functions cn a limited basis.

The fourth task was to discuss the future of maintenance planning and programming functions with
the HQDA staff. There was a general consensus that the functional area was not receiving adequate
attention from the Army and that the functions should be extended to the installations in the near future.
The timeframe for extending the function to the installations was unknown.

t The fifth task was to develop a set of alternative maintenance resource prediction models and to
discuss the pros and cons of each model. The results of this effort are given in Appendix B.

The steering committee met again to review current planning and programming functions and six
aliernative models. The committee voted to use the historical funding model as an interim solution until
a model based on facility components could be produced. The fixed percentage of current replacement
cost model was also to be pursued. A fast program based on the results of the component model was
needed at HQDA.,

The sixth task was to develop several data bases that could be applied within the prediction models.
The development of each data base is described in Chapter 3.

The seventh task was to develop several sets of maintenance resource prediction mcdels. The
models would span the range of possible data input from the simplest, with very littie input, to the most
complex with a jarge amount of detail. One purpose of the large number of model sets was to explore
the effect of the input data complexity on the accuracy of the results. The complete set of models
developed are described in Chapter 4. The computer systems are discussed in Chapter 5.

A third stecring committee meeting was held at this point to select the facility category codes to be
modeled for the first test of the prototype Maintenance Resource Prediction Model (MRPM). The decision
was made to address buildings initially as buildings account for over 60 percent of the maintenance
2xpenditures annually. Family housing and unaccompanied personnel housing were selected since the two
combined categories account for 26 percent of yearly maintenance expenditures. These two current use
3 categories were to be modeled completely by USACERL and the results reviewed by the steering
committee.

The eighth task was to test the models at all organizational levels within the Ammy and to revise the
Jata base and process based on the results. Tests were performed using four different complementary
hes methods. The first test consisted of sampling family housing and barracks at each of the 10 test sites
Y SACERL coliected and entered all facility component and cost data for the models, ran the models, and
.. o~esented the results to each installation.

The steering committce met again to review the results of the family housing and unaccompanied
. oorsonnel housing test results.  The steering committee believed that it could not make a final decision
! ~xsed on such a small and limited test scope. The general consensus was to continue the research by
L) s.mpling other current use building facility category codes at the six U.S. test installations. The steering
s>mmittee voted to provide each test instaliation with a personal computer (PC) to perform a hands-on
281, This was the second level of testing,
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A meeting of MPRM users (Forts Bragg, Leonard Wood, Devens, and Ord) was held to discuss
N progress and determine if the installations could make a decision about implementing the system. It was
agreed that the MRPM shouid be implemented fully, covering all facilitics at installations, befcre a
recommendation could be made on ficlding the model. Funding was received to fully implement the

MRPM at Forts Bragg, Leonard Wood, Devens, and Ord.

The third test was to completely model four installations in the United States (Forts Bragg, Lecnan
) Wood, Ord, and Devens) and Wuerzburg in Germany., Test results were to be used in planninz the
expansion and future implementation of the system. Corcurrent with this test, a fourth series of tests was
performed by other organizations involved in the planning and programming functions. The MRPM
i research was used by two Government contractors performing work on historic family houses. The
research was also used by contractors involved in the long-range stationing study (LRSS) and a total Ammy
Real Property Planning system (RPLANS).

The ninth task in this project was to perform an 80-year or 120-year analysis on each of the facilities
modeled. The purpose of this analysis was to develop a summary prediction model based solely on the
facility’s age, floor area, and current use. This research is described in Chapter 3.

The tenth and final step in the basic research program was for the steering committee to evaluate
i all tests and make a recommendation on the direction the Aty should move in planning end
programming functions and support. The results of this step are described in Chapter 6.

Products and Reports Published

This is one of several reports addressing maintenance resource prediction in the facility life-cycle
1 process. This report presents the scope of the total research effort. Figure | shows the relationships
between the products and reports developed during this research project.

The first research product is a data base containing the labor, material and equipment resources
§ required to perform maintenance tasks related to every building construction component (Figure 1, Task
Resource Data Base). This data base includes labor hour, Washington, DC material costs, and equipment
hour resource information. The frequency of task occurrence is also given. This information is published
as a series of four Special Reports by engineering sys'em: (1) arci.itc tural, (2) heating, ventilating, and
air-conditioning (HVAC), (3) plumbing, and (4) electrical. The title for the series is "Maintenance Task
Data Base for Buildings." Figure 2 shows an example from this data base. This data is also available in
§ electronic form. The data base is used within the MRPM Individual Facility Component System which
operates on a PC with the IBM Disk Operating System (DOS). This program allows a facility to be
) defined by entering the components and component quantities that comprise the facility. The tasks are
] used to determine the resources required annually to keep the facility maintained. Engineered Performance

1 { Standards (EPS) were used to generate task data. A typical EPS task is shown in Table 1.

4 ]

/ l E

5 ’E.S. Neely et al., Maintenance Task Data Base for Buildings: Architectural Systems, Special Report P-91/23 (U.S. Army Con-

“ 3 struction Engineering Research Laboratory [USACERL], May 1991); E.S. Neely et al., M tenance Task Data Base for Build-

ings: Heating, Ventilation, and Air-Conditioning Systems, Sperial Report P-91/21 (USACERL, May 1991); E.S. Neely et al.,
Maintenance Task Data Base for Buildings: Plumbing Systems, Special Report P-91/18 (USACERL, May 1991); E.S. Neely
et al., Maintenance Task Data Base for Buildings: Electrical Systems, Special Report P-91/25 (USACERL, May 1991),
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Figure 1. Maintenance reports for buildings.
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4 i
! Table 1
¢ Typical EPS Task Format*
No. Work Unit Description Hours
£ 1 Remove and Install Screw 0.32040
2 Remove and Install Panel 0.29280
3 Lube Bearings, Fan, Motor, Pump 0.07260
£ 4 Adjust Belt Tension 0.10200
5 Adjust Float 0.04000
6 Sensory Inspect Bearings 0.25260
¢ 7 Fill Out Inspector Report 0.01375
Total 1.09415

*Task: recurring maintenance--evaporative condenser or metal cooling tower (25-ton and over air-conditioning system).

The second research product is a component resource summary using the task data developed in the
first product. The component resource summary covers the first 25 years of a facility’s life. The tasks
for the component were scheduled and combined into one set of annual resource requirements. This
annual resource information is published as a series of four Special Reports® titled "Building Component

i Maintenance and Repair Data Base." An example from this data base is shown in Table 2. The data base
is also available in electronic form. This data can be used to perform special economic analyses such as
one for a 20-year life using a 10 percent discount rate.

The third research product is a set of 25-year present worth factor tables. The component data

developed in the second product was used to form a set of 25-year present worth factor tables for use by

-, ) designers in component selection for discount rates of 7 and 10 percent. The annual component resource
values were multiplied by the appropriate present worth factor and added for the 25 years to produce one

B >E.S Neely et al.,, Building Component Maintenance and Repair Data Base: Architectural Systems, Special Report P-91/27

T USACERL, May 1991; E.S. Neely et al., Building Component Maintenance and Repair Data Base: Heating, Vensilation, and
Air-Conditioning Systems, Special Report P-91/22 (USACERL, May 1991); E.S. Neely et al., Building Component Maintenance
ani Repair Data Base for Buildings: Plumbing Systems, Special Report P-91/30 (USACERL, May 1991); E.S. Neely et al.,
Bu..2.ng Component Maintenance and Repair Data Base: Electrical Systems, Special Report P-91/19 (USACSRL, May 1991).
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set of resource values. This information is published as a series of four reports’ titled "Building
Maintenance and Repair Data for Life-Cycle Cost Analyses." Table 3 shows an example from this data
3 base. The data base is also available in electronic form,

The first three resource columns provide data to allow the designer to calculate the life-cycle costs
at any location by multiplying by the correct labor rate, equipment rate, and material geographic location
fa.tor. This multiplication and addition have been performed for the Military District of Washington, DC,
and are given in the fourth column of the table. The right section of the table is information that can be
L entered into computer systems that perform life-cycle cost analysis.

The fourth research product is a task resource maintenance computer program. This program is
written in DBASE III. This program maintains the task data base and produces task, component, and life-
cycle cost tables. User's and programmer's manuals are published as USACERL ADP Reports.

f The fifth research product is the MRPM Individual Facility computer system. This system operates

on a DOS PC system that allows facilities to be modeled by entering their components. Resource

v predictions are produced by applying the individual tasks and then forming resource summaries by

subsystems, systems, facilities, installations, reporting installations, MACOM, and Amy. User's and
programmer’s manuals are published as USACERL ADP Reports®,

i The sixth research product is the MRPM Facility Summary computer system. Two summary
systems have been implemented. One summary system is a module of HQ-IFS. The second is a DOS
PC based system. Both are macro-level computer systems developed for installations, HQDA, and the
MACOMs. The macro-level system uses the most basic data contained in the current facility real property
inventory files: (1) current facility use, (2) floor area, and (3) construction date. User’s and programmer’s
manuals for the systems are published as a USACERL ADP Reports.’

' The seventh research product is an analysis of the resources to maintain buildings by current use.
This is summary data of the individual facility information obtained by use of the component model at
several installations. The results of this research are published in two USACERL Special Reports’.

i

) “ R.D. Neathammer et al., Building Maintenance and Repair Data for Life-Cycle Cost Analyses: Architectural Systems, Special
P Report P-91/17 (USACERL, May 1991); E.S. Neely et al., Building Maintenance and Repair Data for Life-Cycle Cost Analyses:
;:g Heating, Ventilation, and Air-Conditioning Systems, Special Report P-91/20 (USACERL, May 1991); E.S. Neely et al., Building
gj Maintenance and Repair Data for Life-Cycle Cost Analyses: Plumbing Systems, Special Report P-91/24 (USACERL, May
& 1991); E.S. Neely et al., Building Maintenance and Repair Data for Life-Cycle Cost Analyses: Electrical Systems, Special
?,;fég Report P-€1/26 (USACERL, May 1991),
?‘ 3 * E.S. Neely et al., Maintenance Resource Prediction Model (MRPM) Individual Facility System User's Manual, ADP Report
1%; P-91/12 (USACERL, January 1991);.E.S. Neely et al., Maintenance Resource Predicticn Model (MRPM) Individual Facility
24 System Prograinmer's Manual, Special Report P-91/28 (USACERL, March 1991).
# ¢ E.S. Neely et al., Maintenance Resource Prediction Model Summary System (MRPMSS) User's Manual, ADP Report P-91/03
i;;;;: (USACERL, October 1990); E.S. Neely et al, Maintenance Resource Prediction Model Summary System (MRPMSS)
i Programmer's Menual, Draft USACERL Report; E.S. Neely ct al., //Q-IFS Maintenance Resource Prediction Modsl (MRPM)
il , User's Manual, ADP Report P-91/04 (USACERL, October 1990); E.S. Neely et al., HQ-IFS Maintenance Resource Prediction
B Model (MRPM) System Manual, ADP Report P-91/02 (USACERL, October 1990).
§§§f ’ l;.);.ll;@eely ctal., Maintenance Resources by Building Use fcr U S. Army Installations, Special Report P-91/29 (USACERL May
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heet 1 of 2
SPECIAL PROJECT REQUEST - $
NAVFAC 1104784 ! (
, STEP I1 SUBMISSION
' CR23-484
. ACLIV 0. (ACTIY ame on 108
{ : — ] 10 w87
( N00210 i N - 1 JUN 198
' -r_f;c; ' : REPAIR RAMPS, APPLIED INSTRUCTION, BLDG. 621
- e a. XjMaint/Repair b. (; Minor Construction/ c¢. \; Afr d. ) Equipment tnstallation
$ . Alteration Conditioning
. crive an unction 0 1d. Prprfy Kerd Card ¥
{ '
. a8 three sto rmanent structure with 118,370 square feet of area. )
adgouﬁl Iie basic E1ec't.¥12$an and Electronfc School which grovides necessary I 2-03224
training for personnel going into the rates of FT, 6M, IM, IC, EM, and GSE. 10, Navy Category Code -
L 1n-20
1C. B1dg or Structure ¥
|__Bldg. 621

& 5.7 What 15 the efTect of this project on the mission of the activity?

In support of the primary missfon of : . " 1s tasked to provide safe
and adequate training school facilities. This project will restore the intey 1ty of the ramps and exterfor
structural wall connection points of Bldg. 621, ET School.

) B. The requirement for the TacTlity 1s based on

8., A change b, /X, Full time c.iy 3to5 d.. 7 Less than e.;_y Currently f, I Reserved for

in mission " contfnuing year need 3 years' required Vess future
need need :?an 50% of requfrements
me R

a. st Tunded cost)b, EST proJect cost c. ESt pranning cost;d. Total funds requested;e, Est Tacil repl cost

’ 1 1
i §140,000 ,'gwso'ooo 1$10,000 $150,000 158,565,000
a ac Y 1J9. IS 1&C y on an approve no, "ow was nee etermined? ]
[]

" constructed -
L |_YJ Yes |, No

1969
TU. T proJect T1sted on annual Tnspection summary? T¥ 1o, and ATS appiicahle, "expTain exclusion.

S | Xy Yes T No ) Deficiency ftem No. $003870

. Uescridbe condition/probTem to be corrected/solved with soTution. onal description
Bldg. 621 has two concrete rau¥s 12' wide & 150' long that provide the only exterior student passage to and
from the 2nd and 3rd floors. The ramps have a serfes of electric heaters embedded 1n the walkway for removing
snow and fce. Both ramps have settled over the years and have traverse and longitudal cracks. Many of the
electric heaters and all of the ramp 1ighting are non-functional. Some of the precast concrete supports
for ramps are cracked § deteriorating. This project will provide for repair of these structural deficiencies

£ & also repair the northside retaining wall which has suffered some lateral displacement. No adverse effect
on the environment {s anticipated.
TZ. Why 15 proposed soTution best - and what aTternatives were considered”
This alternative is considered best because it will restore the integrity of the structure for maximum -
§ economic 1ife at a minimum cost. Other alternatives were to r:glace the structure with a new one which
i would be costly and uneconomical, or to leave the status quo, which 1s unacceptable. i
b H
f‘ﬁ . Were there any non- X Teview problem an s SOTution? Explain effect.
{ a. |jYes b, X;No ?
‘ 18, Has EFU design division T5. Can another taciiity ‘a
: reviewed solgtion? a. jYes b, XNo : be economically adapted a. ,TjYes b, 1X;No 4
G { for this function? %
g 1 %
¥T6.7Can project be funded Th phases? How? How wany7 z‘é
a. j_Yes b, XjNo f*;
Y17, ThTS project Ts The result Ts the result or F
a
.- 3. |y Inadequate b, |X; Facility c. ;= Deficfent d. ;= Deficient e. ;3 Other 3
‘ - Maintenance = Age - Constr, ot Design - o %5

¥18. Has this specitic problem been corrected previousty?
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SPECIAL PROJECT REQUEST - Sheet 1 of 2
MavrAC “MW REV, 874 ( ( .
Suncrscaes NAVFAC $-11014/64 (11-68) STEP TWO SUBMISSION
* 'S/N 0106-LE003 4220 23"60\:
RTINSV Ty AT A0 LOCATION DATE SUBMITTI 5
Noo210 | - | guL 82
Z PACJECT ND. TITLE - -
R17 -82 l Replace Roof Membrane , Electronics School, Bldg 621
J.TYPE B
) MINOR CONSTRUCTION/ AlR EQUIPMENT
8 |_Aj MAINT/REPAIR b. ALTERATION & CONDITIONING INSTALLA . 'ON
4. DESCRIBE ANL. STATE FUNCTION Pl FACILITY o PROPERTY AECORD CARD NO
Building 621 is a permanent type structure built in 1969, It is | 2-03224
three stories high containing 118,370 square feet of floor space, [»MAVveATeGoRvCooe
It is utilized by . for the instruction of 171-20
basic electricity, electronics and instructor training. ¢ BLOG. OR STRUCTURE NO
621

8 WHAT IS5 THE EFFECT OF THIS PROJECT ON THE MISSION OF THE ACTIVITY?

This project will renew the water-tight integrity of this roof, thus allowing
to carry out its mission in a dry, safe, and adequate environment.

6. THE REQUIREMENT FOR THE FACILITY 15 SBASED ON

& CHANGE FULLTIME 1108 LESS THAN CURRENTLY AEQUIRED RESEAVED FOR
. D IN MISSION ® E CONTINUING NEED & D YEARNESD g. D ITEARs . T ANE * R MENTS
3 74 €57, FUNDED COST B €ST. PROJECT COST = E5T, PLANNING COST 4 TOTAL FUNDS AEQUESTED o €5 FACIL. REPL. COST
. 196,700 . 196,700 s 8,000 ls 208,700 |5 7,502,000
8 DATE FACILITY 9 IS FACILITY ON AN APPROVED BASIC FACILITY REQUIREMENTS LIST? Jf “NO,"” how wes need determined’® ]
CONSTAUCTED

1969 (X ves [Jwo

10, 1S PROJECT LISTED ON ANNUAL INSPECTION SUMMARY? ““enrswer s “NO," and AIS is applicedie, explein exciusion

) ves DNO DN.A .

11, DESCRIBE CONDITION TO 8¢& CORRECTED, OR PROBLEM TO SE SOLVED WiTH PROPOSED BOLUTION. Artech additions! description if necessary, ONE PAGE ONLY,

SEE ATTACHED

12. WHY IS THE PROPOSED SOLUTION BEST = AND WHAT ALTEANATIVES WERE CONSIDERED?

This is the only solution considered, since the insulation is approximately 90%
saturated and there are inadequate expansion and control joints.

13 WERE ANY NON-NAVY EXPERTS INVITED TO REVIEW THIS PAOBLEM AND THIS SOLUTION? Explain effect on solution.

. D YES b NO

14

18,
HAS EFD DESIGN DIVISION CAN ANOTHER FACILITY BE ECONOMICALLY D
REVIEWED SOLUTION? ’ D VES b Uﬂ NO ADAPTED FOR THIS FUNCTION? . YES b. m NO

518, CAN PROJECT BE FUNDED IN PHASES? How? How many?

[ 8 D YES b, NO

%17, THIS PROJECT I8 THE RESULT OF

INADEQUATE FACILITY DEFICIENT D DEFICIENT D .
MAINTENANCE . -DcoNsm, d. DESIGN | * OTHER:

%18, HAS THIS SPECIFIC PRORLEM BEEN CORRECTED PREVIOUSLY?

20

HOW LONG WILL PROPOSED
. D YES b m NO  When? CORRECTIVE ACTION LAST? YEARS

rZ 77
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Replace Roof Membrane, Electronics School, Bldg. 621

Block 11

The original -. =~ .= + . (225L8" X 13J—6") and penthouse has a concrete

! roof deck, overlayed with lightweight concrete that is pitched to the

drains, The addition (106'-0" x 64'~-6") has a concrete deck with 4 1/2"

; of insulation which is tapered and pitched to the drains. The only

‘ expansion joint on the entire roof is at the junction between the two
buildings. This lack of expansion joints or control joints in the roof
membrane system has caused excessive cracking in the field and loosing of
flashing at the edges. Leakage to the interior is significant causing

; erosion to the building structure as well as damage to Class III

property. In some cases, water has shorted out light fixtures which

| started small fires.

! This project propos®s to remove the existing built-up roof membrane
and fiber 1nsu1atlon, which is saturated and replace the ‘entire roofxng

! system. During the installation of the new roofifig, expansion joints will

! bé constructed to correspond with the structural expansion joints. Light-

|

-

weight concretes are to be cut at these joints. Additionally, area .
dividers will be placed in the new system in such a manner as to divide
the roof area into seven "zones." Each zone is to receive a single ply
elastomeric membrane with stone ballest. New flashing will be installed

) at the parapet and penthouse walls. The existing raglet is too shallow
and must be cut deeper. Recommend the new flashing be secured in the
raglet with lead wool and caulking. A double layer of membrane (full

: mopped) will be installed in the cooling tower area. Traffic planks

(walkway) ~ill he installed around the cooling tower.




APPENDIX G
HEAT DPISTRIBUTION $YSTEMS DATA

(SOURCE: PARSONS 1986)
(SOURCE: PAN AM WORLD SERVICES 1985)
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COST DATA FOR HEAT DISTRIBUTION SYSTEMS

PAGE

COST FOR LOCATING DIRECT BURIED REPATIR......ccevsveeeees 34

COST FOR LOCATING SHALLOW TRENCH REPAIR...¢c.cecoesesses 37

COST FOR REPAIR OF DIRECT BURIED..:./tetacececcocsacsees 44

COST FOR REPAIR OF SHALLOW TRENCH....ct0ceescecascosces 47

CONSTRUCTION COSTS FOR DIRECT BURIED. ¢ccsecescnsnnesses 49

CONSTRUCTION COSTS FOR SHALIOW TRENCH.:.e.:ceveseesacesss 54

LIFE-CYCLE COST FOR 8 in.

LIFE~-CYCLE COST FOR 8 in.
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dia. DIRECT BURIED....¢:c0... 58

dia. SHALLOW TRENCH.......... 59




TABLE 7-5

LOCATING FAILURE - DIRECT BURIED

(Actual)
SCOPE OF WORK:

system on)
MANPOWER:

1 foreman (Heat Shop)

1 work leader (Heat Shop)

2 craftsmen (Heat Shop)

1 backhoe operator (Roads & Grounds Shop)
2 carpenters (Carpentry Shop)

2 plumbers (Heat Shop)

1 welder (Sheet Metal Shop)

PROCEDURE:

1. Failure is detected by craftsman

2. Inspection of two manholes is performed
by two craftsmen (1 inside, 1 out) who
check conduit for leaks

3. Detected failure is reported by crafts-
man to supervisor

4, Valves are closed at each of the two
manholes to isolate section by two
craftsmen

3. Digging permit is processed by
craftsman

6. Backhoe is moved to digging site

7. Foreman is assigned for commencement
of project

8. Work leader assigned for duration of
project

-34-
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Location of failure from detection to digging and backfilling
not including repair of condensate line (locating done with

Approximate Time
Involved (Manhours)

0.3

4.0

1.0

1.0

8.0

C.5

1.0

8.3
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TABLE 7-5 (Cont)

Approximate Time
Involved (Manhours)

Five 10-foot-long sections arr: excavated
exposing conduit system '

Two plumbers remove water and mud from
pit as it accumulates

Two carpenters shore walls of excavation

A window is cut in conduit to determine
direction of flow of condensate (5 times)

Edges of window are ground and conduit
section is replaced and rewelded (4 times,
fifth time section will be removed)
Mastic coating is applied (4 times)
Backfilling after repair

Landscaping

-35-
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8.3

8.3
3.3

2‘5

8.0
1.0
4.0
2.0
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TABLE 7-6

COST FOR LOCATING FAILURE - DIRECT BURIED

Manhours
1. 0.3
4.0
3. 1.0
4, 1.0
5. 8.0
6. 0.5
7. 1.0
% 8. 8.3
9. 8.3
10. 8.3
11. 3.3
12. 2.5
13. 8.0
14. 1.0
15. 4.0
16. 2.0
e e e ARSI T

(Actual)

Labor Rate
28.45
28.45
28.45
28.45
28.45
29.10
31.35
28.45
29.10
31.75
27.70
31.55
31.55
31.55
29.10
28.45

3 cy backhoe ($250/day)

-36-

_Cost
7.11
113.80
28.45
28.45
227.60
14.55
31.35
2.5.99
242.40
264.48
92.24
78.88
252.40
31.55
116.40
56.90
31,823.55
$2,325/failure




TABLE 7-7

LOCATING FAILURE - SHALLOW TRENCH

(Actual)

SCOPE OF WORK:

L,

with system on)
MANPOWER:

1 backhoe operator (Roads & Grdunds Shop)
2 craftsmen

PROCEDURE:

T o

1. Failure is detected by craftsman

2. Detected failure is reported by crafts-
man to supervisor

N, IO W

Backhoe is located at digging site

4, Top soil is removed from surface of
1ids by two craftsmen to expose 1ids

-,
w
L]

5. Three 1ids removed to locate
failure (backhoe operator and
1 craftsman)

6. Lids are replaced after repair
“ (backhoe operator and 1 craftsman)

7. Lids are resealed by two craftsmen

Landscaping

[ e ]
[0 o]
.
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Location of failure from detection to removing and replacing
1ids not including repair of condensate line (locating done

Approximate Time
Involved (Manhours)

0.3

1.0
0.5

1.5




e N s g v Fen o .
TR AT BRI AR e oL o 4 e o v e

o I e i - - EUE s 4 Eri e EE AeS L - T
et r——

TABLE 7-8
COST FOR LOCATING FAILURE - SHALLOW TRENCH

it
P

s S P
3 Y

FnEk
B

(Actual)

. s

sy P G

e é,,wg‘i‘, PGk
P X

Manhours Labor Rate __Cost
L. 0.3 28.45 7.11
2 1.0 28.45 28.45
3. 0.5 29.10 14.55
4. 1.5 28.45 42.68
5
6

g v

s T e 3 o R,

. 1.5 29.10 43.66
. 1.5 29.10 43.66
7. 1.5 28.45 42.68
8. 1.5 28.45 42.68
~ $265.46

4 cy backhoe ($250/day) 250.00
$515.46

$515/failure
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TABLE 7-13 K
REPAIR OF FAILURE - DIRECT BURIED
(Actual)

SCOPE OF WORK:

Repair of 15 feet of condensate line (4-inch diameter)
MANPOWER:
2 plumbers (Heat Shop)

1 welder (Sheet Metal Shop)
1 backhoe operator (Roads & Grounds Shop)

PROCEDURE:

Approximate Time
Involved (Manhours)

1. Conduit and condensate 1ine is severed
at two ends by welder (conduit is cut
deeper into existing pipeline in order

to expose condensate 1ine) . 2.0
2. Failed section is removed by backhoe 1.0
3. New section is located on site by
backhoe 1.0
4. Condensate line is aligned and tack
welded in place (2 ends) 4.0
5. Piping is completely welded (2 ends) 6.0
6. Two plumbers pressurize line to
check for leaks at welds 4.0 _
7. Sheet metal shop prepares two 10-gage ;
sheet metal sections (cut & roll) 3.0 :
8. Insulation is applied to open ends of ¢
replaced section where condensate line is 3
sti11 exposed. Sheet metal is installed B
and tack welded (2 ends) 8.0 &
Uy
- o
&
WL
-44- H
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. TABLE 7-13 (Cont)

PROCEDURE::

' Approximate Time
Involved (Manhours)

| 9. Mastic coating is removed from ends of
existing conduit. Sheet metal is
’ completely welded (2 sides of sheet
' metal, 2 ends) 8.0

10. Mastic coating is reapplied (2 ends) 2.0

-45-
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TABLE 7-14
COST_FOR REPAIR - DIRECT BURIED
(Actual)

10.

(15 ft of
13" cal si

w 8] ~ o o S w ~nN —
. . . . . . .

Note:

Manhours

2.0
1.0
1.0
4.0
6.0
4.0
3.0
8.0
8.0
2.0

pre-fab condyit:
1" air gap,
conduit. Material only w

Labor Rate

31.45
29.10
29.10
31.55
31.55
31.55
31.55
31.55
31.55
28.45

Sched. 80 pipe,
10-gage C.S.
/fittings $56.67/ft)

Cost for renting

backhoe reflected in

locating cost

AR LSRR SRR et -
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850.05

$2,069.35

$2,070/failure
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TABLE 7-15
REPAIR OF FAILURE ~ SHALLOW TRENCH

(Actual)

SCOPE OF WORK:
Repair of 15 feet of condensate line (4-inch diameter)

MANPOWER:

2 plumbers (Heat Shop)
1 welder (Sheet Metal Shop)
! 1 backhoe operator (Roads & Grounds Shop)

PROCEDURE::
‘ Approximate Time
Involved (Manhours)
1. Insulation is removed from piping 0.5
2. Condensate line is severed at two ends
by welder 2.0
3. Failed section is removed by backhoe 1.0
4, New section is located on site by
! backhoe 1.0
5. Condensate line is aligned and tack
welded in place (2 ends) 4.0
6. Piping is completely welded (2 ends) 6.0
7. Two plumbers pressurize line to
check for leaks at welds 4.0
8. New insulation is installed 1.5
-.Jc"
B ~47-
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TABLE 7-16
COST FOR REPAIR - SHALLOW TRENCH

(Actual)

Manhours Labor Rate _Cost
1. 0.5 . 28.45 14.23
2. 2.0 31.55 63.10
3. 1.0 29.10 29.10
4. 1.0 29.10 29.10
5. 4.0 31.55 126.20
6. 6.0 31.55 189.30
7. 4.0 31.55 126.20
3. 1.5 28.45 42,68
$619.91

(15 ft of piping: Sched 80, 13" cal sil
insul. Material only w/fittings $15.73/ft) 235.95
855.86

Note: Cost for renting backhoe
reflected in locating cost

$855/failure

-48-
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PRESENT WORTH LIFE CYCLE COSTING FOR DIRECT BURIED CONDUIT HEAT DISTRIBUTION SYSTEMS

....................................................................................

n

AR

Koty "

COSTS |
.......................................................................................................... |
MAINT. ACCUMULATIVE |

YEAR | PLANNING REPAIR OPER. TOTAL ANNUAL COST DISCOUNTED COST]
...... ‘......-......-...............................-................-.........-.....-..........-..-.............l
21,948 21,948 |

87,792 105,701 |

1,463,193 1,374,289 |

9,000 62,209 71,209 1,430,402 |

9,000 65,568 74,568 1,483,868 |

9,000 69,109 78,109 1,534,795 |

9,000 73,947 82,947 1,583,899 |

9,000 79,123 88,123 1,631,309 |

9,000 84,661 93,661 1,677,110 |

9,000 90,588 99,588 1,722,422 |

9,440 96,929 106,369 1,765,501 |

9,923 100,612 110,535 1,806,178 |

10,494 104,435 114,929 1,844,565 |

10,846  -108,404 119,250 1,880,817 |

11,198 112,523 123,721 1,914,964 |

11,593 116,799 128,392 1,947,190 |

11,945 122,055 134,000 1,977,742 |

12,340 127,548 139,888 2,006,839 |

12,648 133,287 145,935 2,034,421 |

12,868 139,285 152,153 2,060,591 |

13,175 145,553 158,728 2,085,353 |

13,395 149,920 163,315 2,108,543 |

13,659 154,417 168,076 2,130,225 |

13,835 159,050 172,885 2,150,453 |

14,054 163,821 177,875 2,10 486 |

14,2764 168,736 183,010 2,187,237 |

|
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PRESENT WORTH LIFE CYCLE COSTING FOR CONCRETE SHALLOW TRENCH HEAT DISTRIBUTION SYSTEIDEAL CASE

.................................................... dessnsrevanancancnsasnrnansnvans

DISCOUNT RATE = 10% INFLATION RATE = 0% STEAM PIPE SIZE = 8.000
................................................................................................. I
COSTS ]
.......................................................................................................... I
MAINT, DISCOUNT  DISCOUNTED  ACCUMULATIVE |
CONSTR. REPAIR OPER. TOTAL FACTOR  ANNUAL COST DISCOUNTED COST|
...... |....................-......-.-.-...-...-.-.-....-.......-..-.-...........-.....-..-.....-.................|
29,018 1.000 29,018 29,018 |
116,072 0.95¢ 110,733 139,751 |
1,934,539 1,934,539 0.867 1,677,245 1,816,996 |
1,000 68,453 69,453 0.788 54,729 1,871,725 |
1,000 72,149 73,149 0.717 52,448 1,924,174 |
1,000 76,046 77,046 0.652 50,234 1,974,407 |
1,000 81,369 82,369 0.592 48,762 2,023,170 |
1,000 87,065 88,065 0.538 47,379 2,070,548 |
1,000 93,159 94,159 0.489 46,064 2,116,592 |
1,000 99,680 100,680  0.455 45,809 2,162,401 |
1,000 106,658 107,658 0.405 43,601 2,206,003 |
1,000 110,711 11,711 0.368 41,110 2,267,112 |
1,000 114,918 115,918 0.334 38,717 2,285,829 |
1,000 119,285 120,285 0.304 36,567 2,322,396 |
1,030 123,317 124,847 0.276 34,458 2,356,853 |
1,059 128,523 129,582 0.251 32,525 2,389,378 |
1,074 134,306 135,380 0.228 30,867 2,420,245 |
1,103 140,350 141,453 0.208 29,422 2,449,667 |
1,103 146,666 147,769 0.189 27,928 2,477,596 |
1,118 153,266 154,384 0.172 26,554 2,506,150 |
1,118 160,162 161,280 0.156 25,160 2,529,309 |
1,133 164,967 166,100 0.142 23,586 2,552,896 |
1,148 169,916 171,064 0.129 22,067 2,576,963 |
1,148 175,014 176,162 0.117 20,611 2,595,574 |
1,162 180,264 181,426 0.107 19,413 2,614,986 |
1,177 185,672 186,849 0.097 18,124 2,633,111 |
|
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i PAVEMENT DATA

| (SOURCE: JASPERS AND SINHA 1990)
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) . USACERL Unpublished Technical Report M-91/03
M l ' October 1990
g CW)\ Automated Pavement Evaluation/Dynamic Modeling of
) Pavem o
*\' US Army Corps avement Performance/Maintenanca Costs
: of Engineers
Construction Engineering
! Research Laboratory

... A Study of Rigid Pavement Maintenance and
- Repair Costs at Three Army Installations

by
Martin W. Jaspers
Kumares C. Sinha

Much of the pavement infrastructure on military
installations in the United States was constructed
more than a decade ago. Unfortunately, the
system is now rapidly deteriorating. Engineers at
Army installations need an understanding of the
costs necessary 1o maintain pavements at given
conditions in order to estimate budget needs. To
help installation managers and engineers,
USACERL developed a pavement management
system known as PAVER. However, engineers
do not have accurate unit maintenance and
repair costs that can be used with PAVER.

The objective of this research was to determine
unit maintenance, repair, and reconstruction costs
for Portland cement concrete (PCC) roadway and
airfield apron pavements. Existing PAVER data
bases from Fort Ord, CA; Fort Rucker, AL; and
Fort Eustis, VA were used for analysis. This
report contains the unit maintenance, repair, and
recoristruction costs for PCC pavements at those
three installations.

Similar analyses should be conducted with data
from other installations, for comparison and to
facilitate development of regional default cost
values. Available PCC data shouid be augmen-
ted with information from alil available sources,
and that information on pavement overiays and
pavement recycling be inciuded in the analysis
when it becomes available.

Unpublished report.
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5§ ESTIMATION OF EQUIVALENT UNIFORM ANNUAL COST

A life cycle cost analysis based on the EUAC must be performed so that a comparison of the unit
costs of maintenance, repair, and reconstruction activities can be made. The EUAC method enables the
user to compare alternatives that do not necessarily have the same service life or pattern of annually
occurring costs. In this method, all initial investment costs and all annuaily occurring costs are converted
to present worth and are then transformed into an equivalent annual cost sum over the project’s economic
service life.

The Analysis Procedure

'The EUAC life cycle cost analysis procedure is composed of the following sequential steps:

1. Determine the total initial cost of the maintenance, repair, or reconstruction activity. For the
installations studied, the total initial costs by PCI range are given in Appendix D.

2. Determine the economic service life of the repair or reconstruction activity. For the installations
studied, the economic service life can be found in the tables in Appendix C or by using one of the
following equations:

a. Pavement surface thickness in inches

410.909 (Eq 7]
Service Life = l3° * 254 (Sur,;ace Thickness) r q
b. Pavement surface thickness in mm
| i 908 (Eq 8)
Service Life = i3° * »(Suoﬁ;enwm)dr

The values of b and d are found in Appendix C.

3. Determine the EUAC of the initial (EUAC) cost of repair or reconstruction using the following
equation:

EUAC, = IC » (CRF.i,n) (Eq 9]
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following ranges:

Range Number 1
2
3

where IC = initial cost determined under Step 1
¢ 71 in
CRF = Capital Recovery Factor = 1+
(1+i)*1
i = discount rate (6 percent)
n = economic service life of the pavement as determined under Step 2.

4, Determine the EUAC of maintenance (EUAC,) after repair or reconstruction throughout the
economic service life by the following steps:

a. Estimate the period length during which the pavement section’s condition is within each of the

100 - 90 PCI
89 - 80 PCI
79 - 70 PCL

This can be done by using the following equations:

i. Pavement surface thickness in inches:

. 909 [Eq 10}
Period Length = !DF . 254 (Surly:ace Ihwbwss)dr Eq
ii. Pavement surface thickness in mm:
: 410.909 {Eq 11}
Period Length = !DF » (Surﬁz;c Thickness) Eq
where Period Length = length of the period in Range 1, 2, or 3
DF = 100 - (lower limit PCI range, 10 for Range 1, 20 for Range 2, 30 for
Range 3)
b = coefficient from the appropriate table in Appendix C 3
d = exponent value from the appropriate table in Appendix C. b
b. Estimate the average maintenance expenditure for each of the ranges mentioned in Step 4a. This ;
information can be extracted from Appendix D. }
:}
¢. Discount all future maintenance costs to the present worth and multiply the amount by the capital ;
recovery factor (CRF) to determine the equivalent uniform annual cost. This can be done by using the {
following equation: 3
:i.
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EUAC, = [CI(USPWF,i,nl) +
C2 (USPWF,i,n2) x (SPPWF,i,nl) +
C3 (USPWF,i,n3) » (SPPWF i,(nl +n2)] =
ICRE i, (n1 +n2+n3)

(Eq 12]

where ¢l = cost in period 1
€2 = cost in period 2
¢3 = cost in period 3
n = number of years
nl = period length in Range 1 (100 - 90)
n2 = period length in Range 2 (89 - 80)
n3 = period length in Range 3 (79 - 70)
i = discount rate

o
USPWF = uniform series present worth factor = -%%2—)71-
1

SPPWF = single payment present worth factor = -

(1+i)*
CRF = capital recovery factor = M
(1+i)*-1

5. Determine the total EUAC for the economic service life of each altemative by adding the values
from Steps 3 and 4.

EUAC = EUAC, + EUAC,
The life cycle cost analysis output provides the user with unit cost information. Information on AC
or PCC overlays over PCC pavements should be included in the analysis as data becomes available, The
analysis procedure will not change substantially for these alternatives.

The described life cycle costing procedure was repeated for all pavement classes and for each of the
PCI ranges for each of the installations included in this study. The results are included in Appendix D.

Numerical Example

The calculation of the EUAC for the repair of an 8-in. PCC roadway pavement with a PCI value
between 100 and 81 at Fort Eustis is illustrated here,

Step 1. The total unit initial cost for the repair activity (from Appendix D) is $4.55/sq yd.

Step 2. The economic service life of the repaired pavement section (using Equation 7 or Appendix
C) is 30 years.
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Step 3. The EUAC, of the initial cost of the activity (using Equation 9 or Appendix D) is $0.32/sq
yd.

Step 4, The periods during which the pavement section’s condition is within Ranges 1, 2, and 3
are obtained by using Equation 10. The period in Range 1 is 11 years; in Range 2 is 11 years, and in
Range 3 is 10 years. Average maintenance costs during a given period after repair is estimated for each
of the ranges. These values can be found in Appendix D. For this example, the values are $0.38/sq yd
in period 1, $0.65/5q yd in period 2, and $0.93/sq yd in period 3. These average maintenance costs are
then brought back to present worth by multiplying with the appropriate compound interest factors. The
total sum is then multiplied by the CRF to estimate the EUAC for maintenance over the economic service
life of the pavement. For this example, the value of EUAC, is equal to the sum of EUAC in period 1
= $0.21/sq yd; period 2 = $0.19/sq yd; and period 3 = $0.12/sq yd. EUAC, = $0.21 + $0.19 + $0.12
= $0.52/sq yd.

Step 5. The total EUAC of the repair activity of the roadway is determined. Total EUAC = EUAC,
+ EUAG,.

The life cycle costing procedure detailed in this chapter was applied to Forts Rucker, Eustis, and
Ord. Results of the analysis procedure are given in Appendix D. Figures D9 to D17 show the total
EUAC at each installation for each branch use and pavement thickness.

Sensirivity Analysis

Results of an economic analysis are only as good as the estimates of the parameters, economic
service life, initial cost, maintenance cost, and the discount rate. A sensitivity analysis was performed to
measure the effects of changes in parameter values of the equivalent uniform annual life cycle costs. The
results of the sensitivity analysis are listed in Appendixes E and F. Examples are shown in Tables 10 and
11

Pavement Service Life

The actual economic service life may vary from the predicted service life. To determine the efiect.
of a different economic service life on the EUAC, the estimated pavement service life was varied by plus
and minus (1) 25 percent. The EUAC was then calculated for these two conditions. The results of this
analysis are given in Appendix F. Varying the economic service life of a repaired pavement by £ 25
percent, the equivalent uniform annual costs changed by between -3 and +9 percent for 8-in. pavements,
between -6 and +11 percent for 6-in. pavements, and from -3 to +9 percent for 7-in. pavements,
Therefore, it may be assumed that an error in the prediction of the pavement service life may result in a
relatively small error in the EUAC of PCC pavement sections of 7 or 8 in. thick. A slightly larger error
may be expected-for 6-in. pavements. Adjusting a reconstructec: pavement section’s economic service life
by + 25 percent, the EUAC changed by between -6 to +12 percent for 8-in. pavements, from -7 to +14
percent for 7-in. pavements, and between -8 to +14 percent for 6-in. pavements. A variation in a
pavement section's service life leads to a greater variance for new sections than for repaired sections.

Discount Rate

High discount rates favor alternatives with a low initial cost and high annually occurring
maintenance costs. In the case of low discount rates, alternatives with high initial costs and low
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maintenance costs are favored. The initial analysis was based on a discount rate of 6 percent. The
sensitivity analysis was preformed with discount rates of 4, S, 6, 7, and 8 percent. The results are listed
in Appendix F. An example may be found in Table 10. The impact of changing discount rates on the
EUAC of maintenance and repair activities was substantial. It resulted in fluctuations within a range of
-12 to +12 percent in the EUAC. The EUAC for reconstructed sections usually varied between -17 and
+18 percent around the base discount rate of 6 percent. It should be noted that the discount rates used
here are simply for illustration; they do not represent the Army policy.

Initial Costs

By varying the initial cost of maintenance and repair activities by + 25 percent, the EUAC values
were found to vary between +17 percent and -14 percent, respectively. The variation of the initial cost
of reconstruction by % 25 percent led to large fluctuations in the calculated EUAC. For all pavement
thicknesses and at each of the three installations, the EUAC varied between + 22 percent.
Maintenance Costs

The variation of the annually occurring maintenance costs by + 25 percent caused the EUAC to vary
within a range of £ 10 percent.

Implications of the Sensitivity Analysis
A conclusion of the analysis is that the calculated EUAC of each of the alternatives is most sensitive

to pavement economic service life. Other factors, such as discount rate, initial cost, and maintenance cost,
are also important in estimating the total EUAC of an activity (see Table 11).
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